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CLEAN-CHAR PROCESS 
BY 

K .  A .  Schowal te r  and E .  F. P e t r a s  

U. S.  S t e e l  c u r r e n t l y  u s e s  a b o u t  25 m i l l i o n  t o n s  of  c o a l  per  

year  f o r  productio-n of  t h e  coke f o r  o u r  b l a s t - f u r n a c e  o p e r a t i o n s .  In  

a d d i t i o n ,  w e ' a r e  one of  t h e  n a t i o n ' s  l e a d i n g  h o l d e r s  of c o a l  r e s e r v e s .  

Accord ingly ,  we have had a s u s t a i n e d  i n t e r e s t  i n  r e s e a r c h  and develop-  

ment work i n  c o a l ,  cokemaking, and coal u t i l i z a t i o n  o v e r  t h e  y e a r s .  

T h i s  i n t e r e s t  w a s  fo rma l i zed  i n  1950 w i t h  t h e  e s t a b l i s h m e n t  

of a coal and coke r e s e a r c h  and development g roup  i n  U. S. S t e e l ' s  

Research  Labora to ry .  The a c t i v i t i e s  of t h a t  g roup  have inc luded  

t h e  development of improved mining  t e c h n i q u e s ,  the  development of new 

and improved c o a l  and coke  t e s t i n g  methods,  t h e  development and 

c a l i b r a t i o n  of expe r imen ta l  coke ovens  t h a t  would s i m u l a t e  t h e  pe r -  

formance of commercial ovens  w i t h  r e f e r e n c e  t o  t h e  q u a l i t y  of  coke 

produced, s t u d i e s  on c o a l  b e n e f i c i a t i o n  and t h e  development of improved 

coking  b l ends  and p r o c e d u r e s ,  t h e  development of  p e t r o g r a p h i c  pro- 

c e d u r e s  f o r  c h a r a c t e r i z i n g  c o a l s  and c a l c u l a t i n g  suitable coking b l ends  

from t h e s e  c o a l s , a n d  the- i n v e s t i g a t i o n  of  methods f o r  more e f f e c t i v e  

u t i l i z a t i o n  of ou r  c o a l  r e s e r v e s .  
\ 

With r e g a r d  t o  t h i s  l a t t e r  a r e a  of a c t i v i t y ,  i n  t h e  e a r l y  '~O'S, 

o u r  management charged  u s  w i t h  t h e  r e s p o n s i b i l i t y  f o r  deve lop ing  a means 

f o r  u t i l i z i n g  U. S. S t e e l ' s  e x t e n s i v e  I l l i n o i s  c o a l  r e s e r v e s .  These 

c o a l  r e s e r v e s  a r e  h i g h  i n  s u l f u r  and a s h  c o n t e n t  and a r e  normal ly  n o t  

cons ide red  s u i t a b l e  f o r  making coke by t h e  coke-oven p rocedure .  A 

number o f  coa l - conve r s ion  p r o c e s s e s  w e r e  e x p l o r e d .  However, t h e  



n 

program made l i t t l e  p r o g r e s s  because  of t h e  u n a t t r a c t i v e  economics 

a s s o c i a t e d  w i t h  coa l - conve r s ion  p r o c e s s e s  a t  t h a t  t i m e .  I t  was n o t  

u n t i l  t h e  l a t e  '60's t h a t  t h e  impending ene rgy  crisis w a s  beginning  

t o  a p p e a r ,  t o g e t h e r  w i t h  t h e  e c o l o g i c a l  f a c t o r s  t h a t  were i n c r e a s i n g  

t h e  c o s t  o f  coke produced  i n  coke  ovens .  A s  a r e s u l t  of t h e s e  t w o  

deve lopments ,  i n t e r e s t  w a s  renewed i n  c o n v e r s i o n  of t h e  I l l i n o i s  c o a l  

t o  coke  by a method which would have economic and e c o l o g i c a l  advan- 

t a g e s  o v e r  t h e  coke-oven r o u t e .  Accord ing ly ,  t h e  Clean-Coke P r o c e s s  

w a s  deve loped  and e v a l u a t e d  i n  bench-sca le  equipment.  T h i s  e v a l u a t i o n  

i n d i c a t e d  t h a t  t h e  P r o c e s s  would be t e c h n i c a l l y  and economica l ly  

f e a s i b l e .  Because t h e  p r o j e c t  o f f e r e d  promise of i n t e r e s t  t o  t h e  

chemica l  i n d u s t r y  as  w e l l  as t h e  steel i n d u s t r y  a s  a whole and had 

a t t r a c t i v e  e c o l o g i c a l  and  ene rgy  and r e s o u r c e  c o n s e r v a t i o n  f e a t u r e s ,  

it appea red  t h a t  Government s u p p o r t  w a s  war ran ted .  Accord ingly ,  a n  

u n s o l i c i t e d  p roposa l  w a s  p repa red  and submi t t ed  t o  t h e  O f f i c e  of 

Coal Research. The program w a s  accep ted  by OCR and i s  now i n  i t s  

second yea r  of development.  T h i s  program w a s  r e p o r t e d  i n  d e t a i l  a t  

t h e  P h i l a d e l p h i a  AIChE mee t ing  l a s t  November and t h e r e f o r e  w i l l  o n l y  

be b r i e f l y  d i s c u s s e d  t o d a y  t o  p r o v i d e  s u i t a b l e  background for t h e  sub- 

j e c t  o f  t h e  c u r r e n t  p a p e r ,  

B a s i c a l l y ,  t h e  P r o c e s s  p r o v i d e s  f o r  o b t a i n i n g  a b o u t  34 p e r c e n t  

of t h e  c o a l  f e d  t o  t h e  p r o c e s s  as m e t a l l u r g i c a l  coke  p e l l e t s - a  f a i r l y  

h igh-va lue  carbonaceous  p r o d u c t ,  g e n e r a l l y  c o n s i d e r e d  t o  be  worth about  

$35 t o $ 4 0 / t o n  o r  $1.40 t o  $1.60 p e r  m i l l i o n  Btu.  

amount of h igh-carbon-conta in ing  p roduc t  t hen  r e s u l t s  i n  a much more 

The removal of t h i s  
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f a v o r a b l e  hydrogen-to-carbon r a t i o  i n  t h e  remain ing  mater ia l ,  such  

t h a t  a b o u t  18 p e r c e n t  of t h e  c o a l  i s  r e c o v e r e d  as c h e m i c a l  f e e d s t o c k s  

va lued  a t  an  a v e r a g e  of  $120/tor1. 

The Process ( F i g u r e  1) i s  most  s imply  c h a r a c t e r i z e d  a s  a unique 

combina t ion  of low-temperature  c a r b o n i z a t i o n  and hydrogenat ion  p r o c e s s e s ,  

i n t e g r a t e d  i n  a manner t h a t  p e r m i t s  optimum u t i l i z a t i o n  of e n e r g y  and 

m a t e r i a l s .  The coal  f e d  t o  t h e  P r o c e s s ,  a f t e r  b e n e f i c i a t i o n  and S 

i n  a c o a l - p r e p a r a t i o n  p l a n t ,  i s  s p l i t  i n t o  two f r a c t i o n s .  P a r t  o f  

c o a l  i s  processed  through a c a r b o n i z a t i o n  u n i t  where i t  i s  d e v o l a t  

z ing  

t h e  

l i z e l  

an6 p a r t i a l l y  d e s u l f u r i z e d  t o  produce t h e  c h a r  t h a t  serves as t h e  b a s e  

m a t e r i a l  f o r  p r o d u c t i o n  of t h e  m e t a l l u r g i c a l  coke .  The second p o r t i o n  

of t h e  c o a l  i s  s l u r r i e d  w i t h  a process-der ived  carrier o i l  and i s  

hydrogenat-ed t o  c o n v e r t  most of t h e  c o a l  t o  l i q u i d s .  L i q u i d  p r o d u c t s  

from Loth c a r b o n i z a t i o n  and hydrogenat jon  a r e  composi ted  and processed  

through a c e n t r a l  l i q u i d s - t r e a t m e n t  u n i t .  I n  t h i s  u n i t ,  t h e  l i q u i d s  

are  processed  i n t o  lowysul fur  l i q u i d  f u e l s ,  chemica l  f e e d s t o c k s ,  and 

t h r e e  o i l  f r a c t i o n s  t h a t  a re  r e c y c l e d  t o  o t h e r  a r e a s  of t h e  p r o c e s s .  

O n e  of t hese  recycle  f r a c t i o n s  i s  used p r i m a r i l y  as a carr ier  o i l  f o r  

t h e  hydrogenat ion  r e a c t i o n .  A second r e c y c l e  o i l  i s  s e n t  t o  t h e  

c a r b o n i z e r  where i t  is conver ted  t o  p i t c h  c o k e .  The p i t c h  coke  and 

c h a r  m i x t u r e  is blended w i t h  t h e  t h i r d  r e c y c l e  o i l  t h a t  s e r v e s  as a 

b i n d e r ,  and t h e  m i x t u r e  i s  formed i n t o  p e l l e t s  i n  t h e  c o k e - p r e p a r a t i o n  

u n i t .  These p e l l e t s  are s u b s e q u e n t l y  baked t o  produce  a formed 

‘ i  
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m e t a l l u r g i c a l  coke w i t h  s t r e n g t h  p r o p e r t i e s  e q u i v a l e n t  t o  b l a s t - f u r n a c e  

coke made by a c o n v e n t i o n a l  coking  o p e r a t i o n .  The coke-prepara t ion  

c y c l e ,  from c h a r  p r o d u c t i o n  t o  f i n a l  coke ,  i s  c a r r i e d  o u t  i n  a c losed  

system wi th  t h e  o f f - v a p o r s  c o l l e c t e d  and r e t u r n e d  t o  t h e  p rocess .  Thus,  

no s i g n i f i c a n t  e m i s s i o n s  of  v o l a t i l e  m a t t e r  occu r  d u r i n g  t h e s e  opera-  

t i o n s ,  and a tmosphe r i c  p o l l u t i o n  i s  p r a c t i c a l l y  n o n e x i s t e n t .  Gaseous 

p r o d u c t s  from a l l  o p e r a t i o n s  are processed  th rough  a common system t o  

p rov ide  chemical f e e d s t o c k s ,  l ow-su l fu r  gaseous  f u e l s , a n d  hydrogen f o r  

recycle t o  hydrogenat ion  and l i q u i d s  t r e a t m e n t .  

The o b j e c t i v e  of  t h e  c u r r e n t  Clean-Coke Program i s  t o  develop  

/ 

/ 

d e s i g n  in fy rma t ion  f o r  a p i l o t  p l a n t  t h a t  w i l l  p r o c e s s  up  t o  10  t o n s  

of c o a l  pe r  hour .  
i 

I n  view of  t h e  r e c e n t  h i g h  l e v e l  of  i n t e r e s t  on c l e a n  

ene rgy ,  and e s p e c i a l l y  on c l e a n  power-plant and i n d u s t r i a l  f u e l s ,  

t h e  t echno logy  of t h e  Clean-Coke P rocess  w a s  s t u d i e d  t o  de termine  

whether i t  might be a p p l i c a b l e  t o  t h e  i n d u s t r i a l  f u e l  

problem. The Envi ronmenta l  P r o t e c t i o n  Agency has  sugges t ed  a s  a 

g u i d e l i n e  t h a t  c o a l  c o n t a i n i n g  t h e  e q u i v a l e n t  of 0 . 6  l b  of s u l f u r  per  

m i l l j o n  Btu be u t i l i z e d  t o  a c h i e v e  t h e  1 9 7 5  ambient  a i r  c r i t e r i a .  T h i s  

1s e q u i v a l e n t  to  0.1 p e r c e n t  s u l f u r  i n  coal having  a h e a t i n g  v a l u e  of 

12 ,000  Btu / lb ,  and would mean o n l y  the Western c o a l s  and some l i m i t e d  

tonnages  of West V i r g i n i a ,  Kentucky, and Alabama c o a l s  would be s u i t a b l e  

f o r  u s e .  I n  view of  t h e  f a c t  t h a t  the c a r b o n i z a t i o n - d e s u l f u r i z a t i o n  

p o r t i o n  of t h e  Clean-Coke Process c o n v e r t s  2 . 0  p e r c e n t  s u l f u r  c o a l  

I 
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i n t o  c h a r  c o n t a i n i n g  0 . 4 t o  0 . 6  p e r c e n t  s u l f u r ,  it i s  a p p a r e n t  t h a t  

t h i s  o p e r a t i o n  could  be u t i l i z e d  f o r  p r o d u c t i o n  of a n  e c o l o g i c a l l y  

a c c e p t a b l e  b o i l e r  f u e l .  Accord ingly ,  t h i s  approach-ca l led  t h e  
I 

/ 

/ "Clear.-Char" Process-was f u r t h e r  s t u d i e d  f o r  t e c h n i c a l  and economical  

f e a s i b i l i t y  . I 

The proposed Clean-Char P r o c e s s  i s  i l l u s t r a t e d  i n  F i g u r e  2 .  
. ,  

t 
I I n  t h i s  p r o c e s s ,  t h e  c a r b o n i z e r  f e e d  c o a l ,  a f t e r  p u l v e r i z a t i o n  and s i z i n g  

. t o  minus 1 /8  i n c h  by p l u s  1 0 0  mesh, i s  f i r s t  f e d  t o  a f l u i d - b e d  p r e h e a t e r  

where it i s  d r i e d  and p r e h e a t e q  t o  a b o u t  400 F ,  u t i l i z i n g  s t a c k  g a s e s  

from t h e  main c a r b o n i z e r  h e a t e r  which are boos ted  i n  t e m p e r a t u r e  by 

p a s s i n g  them t h r o u g h  an  a d d i t i o n a l  f u r n a c e .  The o f f - g a s e s  from t h e  

p r e h e a t e r , .  a f t e r  removal  of  p a r t i c u l a t e  matter i n  a c y c l o n e ,  go t o  a 

s t a c k .  The p r e h e a t e d  coal t h e n  e n t e r s  t h e  f l u i d - b e d  c a r b o n i z e r  where 

i t  i s  h e a t e d  by t h e  f l u i d i z i n g  g a s  and c a r b o n i z e d  a t  t e m p e r a t u r e s  from 

1 2 0 0  F t o  1 4 0 0  F a t  a b o u t  9 0 t o 1 0 0  p s i  p r e s s u r e .  By m a i n t a i n i n g  t h e  

hydrogen c o n t e n t  a t  a b o u t  3 3  p e r c e n t  a n d ' t h e  s u l f u r  c o n t e n t  a t  a l o w  

l e v e l ,  t h e  f l u i d i z i n g  g a s  serves t o  s i m u l t a n e o u s l y  c a r b o n i z e  and d e s u l -  

f u r i z e  t h e  c o a l  f e d  t o  t h e  c a r b o n i z e r .  A f t e r  s e p a r a t i o n  o f  p a r t i c u l a t e s ,  

t h e  c a r b o n i z e r  o f f - g a s  i s  c o o l e d  i n  t h r e e  s ' t eps  a n d ' d e s u l f u r i z e d  t o  

provide  t h e  g a s  f o r  r e c y c l e  t o  t h e  c a r b o n i z e r  and t h e  s u r p l u s  g a s  which 

i s  s u i t a b l e  for  u s e  as a l o w - s u l f u r ,  medium Btu ( a b o u t  6 3 6  Btu/SCF) f u e l  

g a s .  The condensed t a r s  and m o i s t u r e  are s e p a r a t e d  from t h e  system and 

t h e  water s e n t  t o  a w a s t e - t r e a t m e n t  u n i t .  The tar  c o n t a i n s  about  1 . 0  

t o  1 . 2  p e r c e n t  s u l f u r  and t h e r e f o r e  would n o t  be s u i t a b l e  f o r  

f u e l ,  i n  view of the 0.7 p e r c e n t  s u l f u r  l i m i t a t i o n .  However, t h e r e  

a r e  t h r e e  p o s s i b i l i t i e s  f o r  i t s  u s e :  (1) It c o u l d  b e  s o l d  t o  a r e f i n e r y  

I 
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f o r  p r o c e s s i n g ;  ( 2 )  it c o u l d  b e  burned a l o n g  wi th  t h e  char. (Because 

t h e  w e i g h t  of  t h e  c h a r  amounts  t o  a b o u t  3 .5  t i m e s  t h a t  o f  t h e  t a r ,  t h e  

b lend  o f  0 .5  p e r c e n t  s u l f u r  c h a r  and 1 . 2  p e r c e n t  s u l f u r  t a r  would have a 

s u l f u r  c o n t e n t  of  o n l y  0.66 p e r c e n t )  ,and ( 3 )  it c o u l d  b e  r e c y c l e d  t o  t h e  

c a r b o n i z e r  and t h u s  be c o n v e r t e d  t o  f l u i d  coke and  g a s .  The material 

b a l a n c e  i n f o r m a t i o n  i s  summarized i n  F i g u r e  3. P r o p e r t i e s  o f  t h e  coal 

and c h a r  are g iven  i n  T a b l e  I and t h e  composi t ion  and c a l c u l a t e d  

h e a t i n g  v a l u e  of  t h e  g a s a r e g i v e n  i n  Table  11. 

An economic e v a l u a t i o n  of  t h e  process w a s  t h e n  made to  e n a b l e  

t h e  c o s t  o f  t h e  Clean  Char t o  b e  compared w i t h  o t h e r  a l t e r n a t i v e s .  I n  

t h e  e v a l u a t i o n ,  c a p i t a l  and  , o p e r a t i n g  costs have been developed  for a 

p l a n t  t o  supply  a 1000 megawatt (Em) power plant  w i t h  a 60 p e r c e n t  l o a d  

f a c t o r .  T h i s  would r e q u i r e  38,970,000 m i l l i o n  (MM) Btu (or  1 ,457 ,041  

t o n s )  of c h a r  p l u s  14 ,100 ,000  MM Btu (or 416,713 t o n s )  of tar .  Thus, 

t h e  m a t e r i a l  b a l a n c e  f o r  t h e  economic s t u d y  c o r r e s p o n d s  t o  t h a t  of  

F i g u r e  3. Economics have  been e v a l u a t e d  u s i n g  "The O f f i c e  o f  Coal  

Research T e n t a t i v e  S t a n d a r d  f o r  C o s t  E s t i m a t i n g  of Investor-Owned P l a n t s  

for  Producing  P i p e l i n e  G a s  from Coal," ( June  4 ,  1 9 6 5 ) .  

T a b l e  I11 p r e s e n t s  a summary o f  the e s t i m a t e d  i t e m s  compris ing 

t h e  t o t a l  c a p i t a l  i n v e s t m e n t .  T o t a l  f i x e d  i n v e s t m e n t  , i n c l u d i n g  b a t t e r y  

l i m i t s ,  u t i l i t i e s ,  o f f s i t e s ,  and c o n s t r u c t i o n  l o a n  i n t e r e s t  is $90.3 

m i l l i o n .  The a d d i t i o n  of $5.6 m i l l i o n  working c a p i t a l  r e s u l t s  i n  a t o t a l  

c a p i t a l  inves tment  o f  $95.9 m i l l i o n .  

T a b l e  IV shows e s t i m a t e d  annuhl  o p e r a t i n g  expenses .  By- 

p r o d u c t  c r e d i t s  of $10.3 m i l l i o n  i n c l u d e  a $9.35 m i l l i o n  f u e l  



gas c r e d i t , ' a n  $835,000 s u l f u r  c r e d i t ,  a $97,000 steam c r e d i t ,  and 

I 

a $21,200 ammonia c r e d i t .  These c r e d i t s  r educe  o p e r a t i n g  expenses  

t O  a n e t  $27.86 m i l l i o n .  

Table  V p r e s e n t s  a n  economic summary. The OCR s t a n d a r d  

i w l u d e s  p r o v i s i o n  f o r  c o n s t r u c t i o n  loan  and working c a p i t a l ,  20-year 

, s t r a i g h t l i n e  d e p r e c i a t i o n ,  and a 65-35 d e b t - t o - e q u i t y  r a t i o .  The 

s t anda rd  g u a r a n t e e s  a g r o s s  r e t u r n  of  7 p e r c e n t  of t h e  ra te  base  

( t o t a l  f i x e d  inves tmen t  d e c l i n i n g  on a 20-year b a s i s  p l u s  working 

c a p i t . a l ) .  T o t a l  revenue  i s  c a l c u l a t e d  by adding  n e t  o p e r a t i n g  expenses  

( i n c l u d i n g  5 p e r c e n t  i n t e r e s t  on unpaid  d e b t ) ,  g r o s s  r e t u r n ,  and income 

t a x .  The 65 p e r c e n t  d e b t  p o r t i o n  of t h e  inves tmen t  i s  p a i d  o f f  i n  

e q u a l  i n s t a l l m e n t s  o v e r  a 20-year p e r i o d .  S e l l i n g  p r i c e ,  which i s  

t o t a l  revenue d i v i d e d  by  annua l  th rough-put ,  v a r i e s  from y e a r  t.o 

yea r .  The ave rage  p r i c e  f o r  a 20-year p e r i o d  i s  t h e  r e p o r t e d  v a l u e .  

Applying t h e  OCR s t a n d a r d ,  t h e  revenue r equ i r emen t  f o r  c h a r  and tar  

f u e l s  is $ 0 . 6 3  per  MM Btu.  

Coal c o s t  i s  t h e  major  cost e l emen t .  F i g u r e  4 shows t h e  

e f f e c t  of c o a l  c o s t  on f u e l  s e l l i n g  p r i c e .  A $2.00/ ton  i n c r e a s e  i n  

c o a l  c o s t  i n c r e a s e s  s o l i d  and l i q u i d  f u e l  p r i c e  by a b o u t  $0.107 per  

MM Btu ( i n c l u d i n g  o p e r a t i n g - c o s t  c o n t i n g e n c y ) .  

I n  view of  t h e  f a c t  t h a t  t h e r e  a r e  l i m i t e d  s u p p l i e s  of low- 

s u l f u r  c o a l s  i n  t h e  c e n t r a l  and e a s t e r n  Uni ted  S t a t e s  and t h a t  low-sul fur  

o i l  i s  becoming scarce and expens ive ,  many u t i l i t i e s  and i n d u s t r i a l  

p l a n t s  a r e  c o n s i d e r i n g  s t ack -gas  sc rubb ing  t o  e n a b l e  them t o  u s e  h i g h e r  

s u l f u r  c o a l s  and s t i l l  comply w i t h  emis s ion  s t a n d a r d s .  I t  i s  our  

t 
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under s t and ing  t h a t  t h e r e  i s  no commercial s t a c k - g a s  sc rubb ing  u n i t  

o p e r a t i n g  s a t i s f a c t o r i l y  and t h a t  r e c e n t  c o s t s  for s t a c k - g a s  sc rubb ing  

have been e s t i m a t e d  a t  $50 t o  $90 c a p i t a l  p e r  KW and $0.80 t o  $0.95 pe r  

MM Btu t o t a l  f u e l  cost ( c o a l  c o s t  p l u s  sc rubb ing  c o s t ) .  I t  would 

therefore  appear  t h a t  t h e  Clean-Char Process w i t h  i t s  $90 p e r  KW 

c a p i t a l  p l a n t  i nves tmen t  and $0 .63  p e r  MM Btu t o t a l  f u e l  cost should  

be of i n t e r e s t .  
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Table I 

P r o p e r t i e s  of Cog1 and Char 

Elemental Analys is  

Carbon 

Hydrogen 

Nitrogen 

0xyge.n 

Sul fur  

Heating v a l u e ,  Btu/ lb 

Percent by Weight 
Char Coal 

8.51 -- 
5.17 6.57 

- - 

68.77 

4.79 

1.24 

9.73 

1.79 

86.73 

2.47 

1.48 

2.28 

0.47 

13,373 

I 
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Table I1 

P r o p e r t i e s  of Fuel  G a s  

Composition, percent  by V o l u m e  

Hydrogen 33.52 

Methane 37.06 

Ethylene 12.95 

Ethane 2 .87  

C3 and C4 1 . 6 0  

Carbon Monoxide 10.66 

Carbon Dioxide . E 5  

Moisture . 4 9  

100.00 

Heating Value 636 Btu/SCF 
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Tab le  I11 

Inves tment  Summary 

S e c t i o n  T i t l e  

10 0 C a r b o n i z a t i o n  

200 Gas Cleaning  

300 C laus  

1 

\ 

4 0 0  Ta r  Handl ing  

500 U t i l i t i e s  and Waste Water 

6 0 0  Off s i te  f a c i l i t i e s  

S u b t o t a l  

C o n t r a c t o r ' s  Overhead and  P r o f i t  

S u b t o t a l  

I n t e r e s t  During C o n s t r u c t i o n  
(5% o f  ( i ) )  

TOTAL FIXED INVESTMENT 

cost ,  SMM 

52.7 (a )  

12.4 (b)  

2.0 (c) 

1 .3  (d)  

4.2 (e) 

7 . 3  (f) 

79.9 ( g )  

6 . 1  ( h )  

86.0 (i) 

- 

- 

Working C a p i t a l  - 
30 d a y s  coal  i n v e n t o r y  2.0 (1) 

3 0  d a y s  c a t a l y s t ,  e t c . ,  i n v e n t o r y  - (m) 

3.6 ( n )  

T o t a l  working c a p i t a l  5.6 (0) 

Accounts receivable - 

TOTAL CAPITAL INVESTMENT 95.9  (p)  

t 
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T a b l e  I V  

O p e r a t i n g  Expense 

Raw Material (Coal )  @ $8.00/ton 

U t i l i t i e s  

Direct Opera t ing  Labor  @ $5.75/hr 

Maintenance (3% of (9)) 

S u p p l i e s  (15% of (D)) 

S u p e r v i s i o n  (10% of (C))  

P a y r o l l  Overhead (10% of ( C )  + (F)) 

Genera l  Overhead (50% of (C)+ (F) + (D) + (E) ) 

P l a n t  O p e r a t i n g  Expenses  S u b t o t a l  

D e p r e c i a t i o n  (5% of TOTAL FIXED INVESTMENT) 

L o c a l  Taxes and  I n s u r a n c e  
(3% of TOTAL FIXED INVESTMENT) 

S u b t o t a l  

C o n t i n g e n c i e s  ( 2 %  of ( L ) )  

TOTAL OPERATING EXPENSE 

By-Product Cred i t s  

NET OPERATING EXPENSE 

$/Year 

22,372,300 (A) 

2,124,700 (B) 

891,500 (C) 

2 , 397 , 000 ( D )  

359,600 (E) 

89,200 (F)  

98,100 ( G )  

1,868,700 (H) 

30,201,100 ( I )  

4,515,000 (J) 

2,709,000 (K) 

37,425,100 (L) 

748,500 ( M )  

38,173,600 (N) 

10,311,600 

27,862,000 

I 
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Table V 

Economic Summary') 

Annual P r o d u c t i o n  38,971,000 MM Btu Char  
14 ,099 ,000  MM Btu L i q u i d s  

53,070,000 MM Btu T o t a l  

P l a n t  Inves tmen t ,  2 ,  MM$ 
Working C a p i t a l ,  MM$ 

Total  C a p i t a l ,  MM$ 

Costs,  SMM Btu 

Gross Raw Materials 
By-product C r e d i t s 3 )  

0.4216 
0.1943 

N e t  Raw Materials 

U t i  1 it ies 0.0400 
Labor 0.0203 
Maintenance and S u p p l i e s  0.0520 
Genera l  Overhead 0.0352 
D e p r e c i a t i o n ,  Taxes,  I n s u r a n c e  0.1360 
Con t ingenc ie s  0.0141 

N e t  Opera t ing  Expense 

4 )  0.1060 P r o f i t ,  Taxes ,  I n t e r e s t  

SELLING P R I C E ,  $/MM Btu 

90.3 
5.6 

95.9 

- 

0.2273 

0.2976 

0.1060 

0.6309 

"February 1973 dollars. 

. 2 )  I n c l u d e s  c o n s t r u c t i o n  l o a d  i n t e r e s t .  

3 ) I n c l u d e s  9,358,000 MM Btu of g a s  c r e d i t e d  a t  $l.OO/MM Btu 

4 ) ~ n t e r e s t  a t  5 p e r c e n t  annua l  rate. 

c 

I 
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CLEAN CHAR PROCESS 

Figure 2 .  
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AN IMPROVED TECHNIQUE FOR THE 

HYDRODESULFURIZATION OF COAL CHARS 

Leon Robinson and N .  Wayne Green 

Garrett Research and Development Company, I n c .  
La Verne, C a l i f o r n i a  91750 

INTRODUCTION 

The s u l f u r  c o n t e n t  of many c o a l s  i s  t o o  h igh  t o  comply wi th  t h e  
EPA s t anda rd  f o r  power p l a n t  f u e l s .  The c u r r e n t  a l t e r n a t i v e s  for  
u t i l i z i n g  c o a l  as a f u e l  i n c l u d e  e i t h e r  complete g a s i f i c a t i o n  of t h e  
coal w i t h  t h e  s u l f u r  removal e f f e c t e d  by convent iona l  g a s  t r ea tmen t ,  o r  
d i r e c t  combustion of t h e  c o a l  wi th  s t a c k  g a s  scrubbing .  

In  a ca rbon iza t ion  p r o c e s s  such as t h e  pa t en ted  GR&D f l a s h  
p y r o l y s i s  process ,  t h e  c o a l  i s  converted i n t o  cha r .  Although t h e  s u l f u r  
con ten t  o f  t h e  c h a r s  i s  normally less than  t h a t  of t h e  p a r e n t  c o a l s ,  
most c h a r s  m u s t  s t i l l  be  t r e a t e d  t o  reduce t h e  s u l f u r  c o n t e n t  to comply 
wi th  EPA s t anda rds .  W e  have developed an improved hydrodesu l fu r i za t ion  
p rocess  t h a t  accomplishes t h e  r equ i r ed  s u l f u r  r educ t ion .  W e  propose 
t h a t  t h i s  process  i s  more advantageous than  t h e  c u r r e n t  a l t e r n a t i v e s  
f o r  u t i i i z i n g  t h e  coal d i r e c t l y .  

E a r l i e r  work conducted by Consol ida t ion  Coal Company (1, 2 )  and 
by FMC Corpora t ion  ( 3 ,  4 )  demonstrated t h a t  hydrogen t r e a t m e n t  o f  t h e  
char a t  e l eva ted  t empera tu res  i s  e f f e c t i v e  i n  t h e  removal of s u l f u r .  
However, t h e  presence  of t h e  hydrogen s u l f i d e  product  g a s  s t r o n g l y  
i n h i b i t e d  t h e  removal o f  a d d i t i o n a l  s u l f u r .  E i t h e r  a l a r g e  excess  
flow of hydrogen had t o  be  maintained o r  t h e  i n t r o d u c t i o n  of a 
hydrogen s u l f i d e  accep to r  such a s  dolomite was necessa ry  ( 3 , 4 ,  5). 
However, t h e  u t i l i z a t i o n  o f  an  acceptor  p r e s e n t s  several d i f f i c u l t  
problems which i n c l u d e  s e p a r a t i o n  from t h e  c h a r ,  r e g e n e r a t i o n ,  and 
loss of accep to r  a c t i v i t y .  Obviously, t h e  d i r e c t  t r ea tmen t  o f  t h e  
char  w i t h  hydrogen t o  remove s u l f u r  would be  more p r a c t i c a l  i f  t h e  
effects of t h e  hydrogen s u l f i d e  i n h i b i t i o n  could be  reduced. Our work 
shows t h a t  t h e  e f f e c t  of t h e  hydrogen s u l f i d e  i n h i b i t i o n  can be 
minimized by p r e t r e a t i n g  t h e  char  w i th  acid. Hydrogen s u l f i d e  
i n h i b i t i o n  i so therms ( cha r  s u l f u r  con ten t s  a t  extended r e s idence  
t i m e s )  i n d i c a t e d  t h a t  a s i g n i f i c a n t l y  g r e a t e r  concen t r a t ion  o f  hydrogen 
s u l f i d e  i s  a l lowable  f o r  t h e  ac id - t r ea t ed  c h a r s  t h a n  f o r  t h e  un t r ea t ed  
cha r s .  Th i s  r e p r e s e n t s  a s i g n i f i c a n t  r educ t ion  i n  both  t h e  c a p i t a l  and 
o p e r a t i n g  costs of a commercial hydrodesu l fu r i za t ion  f a c i l i t y  by 
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allowing a reduction in the hydrogen throughput. 
current hydrodesulfurization system with three stages, the hydrogen 
requirement for acid-treated char'is only 12% of that for the un- 
treated char. 

For a counter- 

EXPERIMENTAL 

Apparatus 

The experimental apparatus utilized in the hydrogen treatment 
of the char (Figure 1) consists of a 4 '  x 19mm I-D quartz reactor 
which is inserted in a Hevi Duty electric furnace. The ends of the 
reactor are sealed with Teflon gaskets and are cooled by water 
circulating through copper coils. The gas flow to the reactor is 
controlled by means of a rotameter, and the system pressure is main- 
tained by a back-pressure regulator. Gas flow calibrations were 
obtained with a wet-test meter. 

The reactor was packed with ceramic burl saddles up to the 
middle of the hot zone, and a Kaowool plug was positioned on top of 
the saddles to prevent char from falling through the reactor. In 
addition, a Kaowool plug was positioned at the top of the hot zone 
to prevent elutriation of- the char particles. 

Procedure 

Helium gas flow at the reaction pressure was maintained during 
reactor start-up. The temperature was established by an Alnor 
controller in conjunction with a chromel-alumel thermocouple position- 
ed externally to the reactor. After sufficient saturation time was 
allowed at the desired temperature, hydrogen or a mixture of hydro- 
gen and hydrogen sulfide from calibrated cylinders was introduced 
to the reactor for the desired reaction time. The system was then 
purged with helium, and the temperature was allowed to return to 
ambient. 

Char Preparation 

Chars were prepared by carbonizing several selected coals under 
nitrogen at elevated temperatures. These coals included a high 
volatile C bituminous coal from West Kentucky and a high sulfur 
bituminous coal from Illinois. Chars were produced both from run- 
of-mine coals and from samples which had been physically beneficiated 
by a sink/float technique prior to the carbonization, The chars 

, 
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were ground and screened to the desired particle size. The chars 
to be acid-treated were leached with 8OoC hydrochloric acid for 
approximately five minutes. After the acid leach, the char was 
washed with water until the water was free of chloride ion as deter- 
mined by the silver nitrate test. 

Chemical Analyses 

A complete sulfur analysis was performed on the reactant and 
product chars. The total char sulfur was measured by the Eschka 
method. The sulfide, sulfate, and pyritic sulfur forms were also 
measured. An ultimate analysis was also performed to allow esti- 
mation of the char combustion heats. 

The metals in the char ash were analyzed by either emission 
spectra or by atomic absorption. 
char with a solution of HF and H2S04 followed by titration with 
KMn04. 
Hg2C12, followed by atomic absorption of the final solution. 
little Feo was observed in any of the tests. 
difference. 

Fe+' was measured by leaching the 

Feo was measured by reacting the char with a solution of 
Very 

Fe+3 was determined by 

DISCUSSION 
Previous work has demonstrated that the presence of hydrogen sul- 

fide greatly inhibits the hydrodesulfurization of char. In addition, 
inhibition isotherms were presented that show plateaus of sulfur 
in the char at low concentrations of hydrogen sulfide in the treat- 
ment gas. (2,  6) These plateaus were attributed to the equilibrium 
in the reduction of iron sulfide. 

FeS + H2 e H 2 S  + Fe 
The presence of calcium sulfide, which is irreducible by hydrogen 
treatment, was also noted. 

Although the reaction of carbonaceous materials with hydrogen 
and hydrogen sulfide mixtures is reversible, the reaction is not a 
true equilibrium process ( 2 ) .  The type of carbonaceous material, 
the type of pretreatment, and the temperature and time of treatment 
all affect the extent of the reaction. Since both inorganic and organic 
sulfur forms exist in the char, different methods must be employed to 
completely remove both forms. We chose to study the effects of an acid 
Pretreatment to remove inorganic sulfur and a subsequent hydrogen treat- 
ment to remove the organic sulfur. However, the additional removal of 
the iron and calcium hydrodesulfurization reaction. 
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Hydrogen Sulfide Inhibition Isotherms 

The hydrogen sulfide inhibition isotherms at 1600OF and 50 psig 
for three chars prepared from West Kentucky Coal are shown in 
Figure 2. The three char samples were prepared by carbonizing the 
run-of-mine coal, floating the coal in a 1.55 s.g. ZnCIZ solution 
prior to carbonization, and by acid treating the char from the floated 
coal. The chars were ground and screened to a -80  +270 mesh particle 
size. The char samples were then hydrogen treated for approximately 
2-1/2 hours. The char from the run-of-mine coal exhibited the greatest 
hydrogen sulfide inhibition. Although the char from the floated coal 
compares favorably with the acid-treated char in the limit of pure 
hydrogen,, the acid-treated char exhibited the least hydrogen sulfide 
inhibition. 

Hydrogen sulfide inhibition isotherms for three similar chars 
prepared from the Illinois coal are compared with the isotherms for 
the West Kentucky coal chars in Figure 3 .  Although the hydrogen 
sulfide inhibition is in general slightly less severe for the Illinois 
coal chars, the floating and acid treating operations also reduce the 
severity of the hydrogen sulfide inhibition for these chars. However, 
the inhibition isotherms for the acid-treated chars from the West 
Kentucky and Illinois coals are practically identical. 

The effect of the iron and calcium content of the chars on the 
inhibition isotherms is apparent in Table I. The quantity of iron 
and calcium is highest in both the West Kentucky and Illinois run-of- 
mine chars. The higher iron content of the West Kentucky char may be 
responsible for the slightly more severe inhibition isotherms shown 
in Figure 2. An intermediate quantity of iron and calcium is contain- 
ed in the two chars from the floated coals. The higher iron content 
of the West Kentucky char again corresponds to a slightly more severe 
inhibition isotherm. The lowest quantity of iron and calcium is 
contained in the acid-treated chars. These chars also have the least 
severe inhibition isotherms. 
Acid Treatment 

Hydrochloric acid was utilized in the preparation of the acid- 
treated chars in Table I. Although significant quantities of ash were 
removed by floating the coal, the char from the floated coal still 
contained appreciable quantities of iron and calcium. The final 
reduction in the quantities of iron and calcium was accomplished by 
the acid treatment. The char ash also contains large quantities of 
silicon, aluminum, potassium, and sodium, but these were only slightly 
affected by the acid treatment. 

I 
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Some sulfur reduction is also accomplished in the physical bene- 
ficiation step by the removal of pyrite. Almost all of the remaining 
pyrite sulfur is converted to FeS during carbonization. This sulfur 
is removed by the acid treatment along with additional quantities of 
Fe 
West Kentucky coal is reduced from 1.90 to 1.34% by the acid treatment, 
which is in very close agreement with the measured reduction in sulfide 
sulfur from 0.57 to 0.10%. 

+2 , Fe+3, and calcium. The total sulfur in the char of the beneficiated 

The type of mineral acid utilized in the acid treatment does not 
appear to affect the final desulfurization. The inhibition isotherms 
for sulfuric acid-treated char were identical to those chars treated 
with hydrqchloric acid (Figure 2 ) .  

Finally, the beneficiation operation is not essential to the final 
desulfurization. The inhibition isotherms for acid-treated chars 
from the run-of-mine coals were identical to those chars which'were 
prepared from floated coals. The advantage of the beneficiation 
operation appears to be in the initial removal of most of the pyritic 
sulfur and in a reduction of the quantity of acid consumed in the 
char treatment. 

Optimum Desulfurization Temperatures 

Chars prepared at low temperatures and short residence times 
might be expected to have a more labile form of organic sulfur than 
chars prepared at high temperatures and long residence times. The 
more severe conditions would increase the probability of thermally 
fixing the organic sulfur, which would be stable in the presence of 
hydrogen (7). Since the chars in this study were prepared by carbon- 
ization of the coal at the anticipated desulfurization temperature for 
over two hours, any expected thermal fixing of char sulfur should 
have occurred. 

The optimum desulfurization temperature for the chars from the 
West Kentucky coal was found to be between 1700 and 1800OF as 
illustrated in Figure 4 .  This same optimum temperature occurred for 
all coal and char pretreatment methods. 

Much lower optimum desulfurization temperatures of 1300 and 
1470'F had been found in the desulfurization of petroleum coke with 
hydrogen (8) and butagas, a coke-oven gas which is predominately 
butane (9). The latter optimum was attributed to the sintering of 
the coke particle with a subsequent loss of available surface area. 

I 

a 
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However, no evidence of sintering was observed in the case of the 
coal chars. 

Hydrodesulfurization Kinetics 

Although most of the screening of variables has been accomplish- 
ed in terms of the hydrogen sulfide inhibition isotherm, the hydro- 
desulfurization of char is not a true equilibrium process. An 

adequate description of the kinetics of hydrodesulfurization is 
essential if the design of commercial equipment is anticipated. We 
are currently undertaking such a kinetic study. 

and acid-treated char from the West Kentucky coal at 1700'F and 
50 psig,is shown in Figure 5. 
mesh particle size. 
Qydrogen and hydrogen sulfide reactant. 

lower than that for the floated char, the initial disappearance rates 
of sulfur for the two chars in contact with pure hydrogen are quite 
similar. In contrast, the disappearance rate of sulfur for the acid- 
treated char in contact with even a small quantity of hydrogen 
sulfide is faster than that for the floated char. In addition, 
these data at long residence times indicate much lower final sulfur 
contents for the acid-treated chars. 

The kinetic data for the hydrodesulfurization of floated char 

These chars were ground to a -200  

Rate data are shown for various compositions of 

Although the initial sulfur content of the acid-treated char is 

The mechanism of hydrodesulfurization appears to be quite 
complex. For example, the removal of the first fifty percent of 
the sulfur in the acid-treated char can be described by first order 
kinetics while the remainder appears to follow a zero order reaction. 
These data cannot be explained by a hydrogen sulfide reverse 
reaction. If the flow rate of hydrogen were maintained sufficiently 
low, the sulfur released by the hydrodesulfurization might become 
more firmly attached to the char. However, tests conducted at one- 
half the normal experimental hydrogen flow demonstrated that the 
effect of a reverse reaction was not important in this study. The 
results of these tests are indicated in Table 11. 

The hydrodesulfurization kinetics might be explained by a 
rapid evolution of sulfur on the char surface followed by the slower 
removal of sulfur in the char interior. Since similar rates were 
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obtained from tests conducted at 1600 and 1700°F, the hydro- 
desulfurization kinetics is probably not controlled by a chemical 
reaction mechanism. Also, tests conducted on a -60 +80 mesh char 
were not appreciably different from similar tests conducted on the 
same char which was ground to a -200 mesh particle size. These data 
are in accordance with a pore diffusion mechanism (3). 

Counter-current Hydrodesulfurization 

A significant reduction in the hydrogen requirement of any 
commercial hydrodesulfurization process can be realized by counter- 
current staging. However large throughputs of hydrogen are still 
required if untreated char is to comply with EPA standards. In 
contrast, the acid-treated chars can be handled quite effectively 
by the counter-cdrrent process. 

Based on calculated heats of combustion of 12,000 and 13,000 
Btu/lb char for floated char and acid-treated char and the EPA 
standard for 1.2 lb S02/MM Btu (lo), final char sulfur contents of 
0.72 and 0.78% would meet the criterion for the West Kentucky coal. 
If the floated char were to be desulfurized in a single stage, 73 
pounds of hydrogen would be required for every 100 pounds of char. 
If the floated char were to be desulfurized in three counter-current 
stages, the hydrogen requirement would be reduced to 8.5 pounds. 
However, only 1.0 pounds of hydrogen is required to desulfurize 
100 pounds of acid-treated char in three counter-current stages. In 
the multistage process, the hydrogen requirement for acid-treated 
char is only 12% as high as that for floated char. 
Conclusions 

The effectiveness of the hydrodesulfurization process for coal 
chars is significantly improved, in turn, by the physical benefi- 
ciation of the parent coal and by the acid treatment of the product 

I char. These processes have been effective in the removal of iron 
and calcium constituents which appear to contribute to the severity 
of the hydrogen sulfide inhibition. The acid treatment is particularly 

.advantageous in that both the iron and calcium contents of the char 
are reduced well below that of the floated coal char. In addition, 
the remaining ash constituents which are not removed by the coal 
beneficiation treatment are not affected by the acid treatment. Thus, 
the consumption of the acid is minimized. 

A significant reduction in the hydrogen requirement of the 
commercial hydrodesulfurization process can be realized by counter- 

I 

I 

4 

i 
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current staging. An additional significant reduction is accomplished 
I , by acid treatment of the char. In the multistage process, the 
t 

hydrogen treatment for acid-treated char from the West Kentucky coal 
is only 12% of that required for the untreated char from the 
beneficiated coal. 

The optimum desulfurization temperature which was determined for 
the chars of the West Kentucky coal used in this study appears to be 
in the range of 1700 to 1800'F. However, this optimum temperature 
may vary with the method of char preparation. 1 

Preliminary kinetics studies indicate that the acid treatment 
technique reduces the effect of hydrogen sulfide inhibition in the 1 

\ disappearance of the char sulfur. 
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Table I 

Char Analysis for Ash, Calcium, and Iron 

Ash 
Wt. % 

West Kentucky Run-of- 
Mine Carbonized 
at 16OOOF 23.0 

\ 

West Kentucky 1.55 S.G. 
Float Carbonized 
at 1600OF 10.9 I 

\ 

West Kentucky 1.55 S.G. 
Float Carbonized at 
1600OF and acid- 
treated 9.5 

i Illinois Run-of-Mine 
Carbonized at 1600OF 16.06 

Illinois 1.55 S.G.  
Float Carbonized a t  
1600OF 9.93 

Illinois 1.55 8 . G .  
Float Carbonized at 
1600OF and acid- 
treated 9.33 

i 

Ca 
Wt. % 

0.9 

0.1 

0.06 

1.01 

0.13 

0.08 

Fe 
Wt. % 

2.8 

1.13 

0.32 

1.75 

0.76 

0.27 

+2 Fe 
Wt. % 

1.3 

0.67 

0.03 

1.35 

0.37 

0.005 

+3 Fe 
Wt. 8 

1.5 

0.46 

0.29 

0.40  

0.39 

0.27 

I 
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Table I1 

Effect of Hydrogen Flow Rate on Desulfurization of 

Acid-Treated Char from West Kentucky Coal at 
1700'F and 50 psis 

Flow Rate Time Char Sulfur Superficial Velocity 
SCFM M A  Wt % f t/sec 

0.030 5 0.92 0.151 

0.015 5 0.90 0.076 

0.030 15 0.79 0.151 

0.015 15 0.77 0.076 

r 
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FIGURE I 
EXPER I MENTAL APPARATUS 

c 

METER 
TEFLON GASKET- 

METER 
TEFLON GASKET- 

QUARTZ TUBE 
HERMOCOUPLE 

HEVl DUTY 
ELECTRIC FURNAC 

COOLING WATER 

ROTA METER F 
I 

HELIUM 

1 

HYDROGEN/ HY DROGEN SULFIDE 

I 



30 

I 16000~ a ~OPSIG 
i? a 
I- 

z 
n 4 -  

v) 

I 
(u 

w 
0 

w a a 

WEIGHT PERCENT TOTAL SULFUR IN CHAR (DRY) 

FIGURE 3 
COMWRISON OF WEST KENTUCKY AND ILLINOIS COAL CHARS 

1600OF 8 SOPSlG 

z 
w ACID-TREATED 

H 
z 
v) 

I 
(u 

RUN-OF+IK- 

2 3 

!i 2 -  
W 
V 

w 

I 
WEIGHT PERCENT TOTAL SULFUR IN CHAR (DRY) 

0 W.KY 

ILL. 
v 



31 

FIGURE 4 
VARIATION OF CHAR SULFUR WITH TEMPERATURE FOR WEST 

KENTUCKY COAL CHAR 
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CHEXCAL DESITLFURIZATION O F  COAL by E. P. Stanbaugh, Ba t t e l l e , ,  
Columbas Laboratories,  505 King Avenue, Columbus, Ohio 43201 

Coal is t h e  major source  of energy now ava i l ab le  t o  t h e  United S ta tes .  

Though a major energy 

I n  
f a c t ,  w i th in  the  border  o f  t h e  United S t a t e s ,  t h e r e  is  more energy i n  the  form of coa l  
than i n  all o f  t h e  o t h e r  combined sources  o f  f o s s i l  fue l .  
source,  coa l  i s  recognized as a major source of atmospheric po l lu t ion .  In t he  
absence o f  con t ro l s  o the r  than tal l  s tacks ,  the  discharge of su l fu r  alone excluding 
the  heavy metals in 1980 is estimated t o  be about 18 mi l l i on  tons.  Sul fur  emissions 
con t ro l  from f l u e  gases i s  about 75 percent e f f i c i e n t .  Assuming a l l  f l u e s  a r e  
con t ro l l ed  a t  t he  75 percent  l eve l ,  su l fu r  emissions from power p l an t s  a r e  estimated 
t o  be about 4.5 mil l ion  tons  (13.5 mi l l i on  tons of su l fu r  dioxide) by 1980. Chemical 
desu l fu r i za t ion  of coa l  o f f e r s  one p o t e n t i a l  so lu t ion  t o  the  su l fu r  emissions problem 
now fac ing  t h e  United S ta t e s .  Removal of a l l  o r  a major po r t ion  of t he  s u l f u r  from 
coa l  p r i o r  to combustion w i l l  r e s u l t  i n  a f u e l  which can be used with a low atmos- 
pher ic  po l lu t ion  po ten t i a l .  The f e a s i b i l i t y  of producing low su l fu r  coal by chemical 
desu l fu r i za t ion  has been e s t ab l i shed  i n  labora tory  sca l e  experiments. Heating a 
v a r i e t y  o f  coa l s  i n  aqueous so lu t ions  at  e leva ted  temperatures and pressures  e x t r a c t s  
t he  p y r i t i c  s u l f u r  and the  s u l f a t e  s u l f u r  along with a s i g n i f i c a n t  por t ion  of the  
organic s u l f u r .  
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CHEMICAL DESULFURlZATiON OF COAL TO MEET POLLUTION CONTROL STANDARDS 

J.W. Hamersma, M.L. Kra f t ,  W.P. Kendrick 
and 

R.A. Meyers 

TRW Inc 
One Space Park 

Redondo Beach, Ca l i fo rn ia  
90278 

INTRODUCTION 

The k y e r s '  Process i s  a new approach(') f o r  m e t i n g  federal and 
s ta te  su l fur  oxide emission standards f o r  coa l - f i red  e l e c t r i c  u t i l i t i e s .  
The process removes up t o  80% o f  the s u l f u r  from coal through chemical 
leaching of p y r i t i c  s u l f u r  w i th  aqueous f e r r i c  su l fa te  solut ions a t  
temperatures of  5 O o - 1 3 O 0 C  (eq I ) .  

FeS2 + 4.6  Fez ( S O I , ) ~  + 4.8 H20 - 10.2 FeSO4 + 4.8 H2SO4 + . 8  S 

The leaching agent i s  regenerated at  s i m i l a r  temperatures using oxygen 
(eq 2 ) .  

(1) 

2 . 4 0 2 +  9.6 FeS0~,+4.8 H2SO4 -+ 4.8 Fez  SOL,)^ + 4.8 H20 (2  1 
and sulfur and i ron-su l fa tes  are removed as reaction products. The 
s e l e c t i v i t y  for p y r i t e  i s  h igh w i t h  l i t t l e  o r  no reaction o f  the re- 
agents wi th  the coal matr ix being found f o r  Appalachian coal. 

Although only p y r i t i c  su l fu r  i s  removed (organic bound s u l f u r  re- 
mains), the Meyers' Process has wide a p p l i c a b i l i t y  f o r  converting US 
coal reserves t o  a su l fu r  leve l  consistent w i th  governmntal standards 
fo r  su l fu r  emissions from power p lants  and indust r ia l  sources. Samples 
from coal mines i n  Montana, through Iowa, I l l i n o i s ,  Ohio, Pennsylvania, 
West V i rg in ia  and Kentucky, representing a wide range o f  US production 
and reserves have been desulfurized t o  meet these standards u t i l i z i n g  
the Meyers' Process (Environmental Protection Agency Contract 68-02- 
0647). 
jar  sulfur reductions f o r  the coals tested without severe coal re jec t  
losses. 
sul fur  contents of Appalachian coals (70% o f  current US coal production). 
the process appears t o  have major impact i n  t h i s  area. 

Physical cleaning has general ly been unable t o  accomplish simi- 

Because of the . re la t i ve ly  h igh p y r i t i c  su l fu r  and Iw organic 

The concept o f  chemically removing pyr i tes  f ran  coal has not  here- 
tofore been thought p rac t ica l  as a so lut ion t o  the su l fu r  oxide a i r  pol- 
l u t i o n  problem, even though i t  i s  wel l  known tha t  pyr i tes  may be oxida- 
t i v e l y  converted t o  soluble sulfates by strong ox id iz ing  agents such as 
n i t r l c  acid, hydrogen peroxide o r  chlorine. These ox id iz ing agents are 
not seriously advanced as the bases o f  processes for  lowering the s u l f u r  
w n t e n t  o f  coal as they a lso  ser ious ly  ox id ize the coal matr ix. 
more, n i t r i c  acid n i t r a t e s  coal and ch lor ine rea t l y  incrcases the chlo- 
r i n e  content o f  coal. A nunber o f  groups(2v3? have investigated the use 
of  hot a l k a l i ,  but have abandoned t h i s  approach presmably because much 
of the input base reacts w i t h  coal s i l i c a t e s ,  aluminates and the organic 
matr ix ,  causing excessive reagent and coal losses. 

Further- 
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Aoratlon o f  coal In  aqueous suspenslon has o f ten  been suggested 
f o r  cmvarslon o f  the p y r l t l c  su l fu r  content o f  coal t o  a soluble sul-  
fate, as It 1s known tha t  the mechanlsm of ac id  mine dralnage involves 
slar mvors ion  of p y r l t e  t o  soluble sul fate.  However, attempts t o  
spaad up t h i s  process under favorable condlt lons o f  a l r  supply, tempe- 
rature and f lnamss o f  coal have only resulted I n  a reductlon o f  reol-  
danco tIm t o  w u k s  or months rather than years (2 ) .  
thought posslble t o  devise a p rac t lca l  process f o r  chemlcrl ly removlng 
or dissolving the p y r l t l c  su l fu r  content o f  coal. 

50 larch so lu t ion  rcgenaratlons have been performed t o  date (Envlronmen- 
t a l  Protection Agency Contract EHSD 71-7) f o r  the purpose o f  de f ln lng  
mktion k lne t ics .  A t yp ica l  e esslon f o r  p y r l t i c  su l fu r  removal from 

Thus, It was not 

k n c h - r u l e  tes ts  o f  more than 200 f e r r i c  solut lon extract ions and 

(from L y r  Kl t tannlng coal) i s  9 u  : -*- KL UP2 Y2 w t  of p y r l t e  removed/100 wts o f  (3) 
coal/hour 'L 

whore, 

up 
Y 

\ - AL exp(-EL/RT), a functlon of temperature and coal p a r t i c l e  size, 

w i g h t  percent p y r i t e  i n  coal, 

= f a r r l c  ion t o  t o t a l  iron weight r a t l o  i n  leacher, and 

and for f e r r i c  ragenera~t ion(~) :  

(4) . ,wl --$ [02][Fs+2]2 - moles O f  f e r r i c  1 0 n  
ngonaratad par unlt t ime ,  

whom , 
[OZ] - oxygan p a r t l a l  pressure i n  atmosphores, 

\ - AR axp(-ER/RT), a funct ion o f  temperature only. 

Lxporlrnntal resu l ts  for  both Meyers' Process extract ion and f l o a t  

- f a r r o w  lon concontration I n  moles/ l l ter .  and 

sink tas t lng  (physical .cleaning) o f  nineteen US coals are presented i n  
the fo l lowing soctlon. ' 

RESULTS 

One-ton run-of-the-mlne coal snnplas, reprosantin a t  least  one 
day's production were col lectad fromrach o f  19 coal n!nms by Cormwrclal 
Ta i t lng  and E n g l n r r l n g  Company o f  Chicago, I l l l n o l s .  The coal 
mlnas worn mloc ted  t o  provide lnformatlon on a wide var ie ty  o f  
c o a l  bods m d  raglans wi th  special emphasis on the Applachlan 
Basln. 
range from srrb-bituminous A through low v o l a t i l e  bituminous l n  rank, 
In  t o t a l  su l fu r  from 1.0 t o  6.4%. and I n  p y r l t l c  su l fu r  from 0 . 3  t o  
5.2% w/w (dry. molsture-free basis). 

The coal analyslr  s m r y  (Table I )  shows that the coals 
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Because o f  the widespread app l iw t1on of physical cleaning tech- 
n i q u s  fo r  removal of non-canbustible rock (which Includes varying 
amounts of py r i t e )  from coal (along w i th  some carbon), f loa t -s ink  
f rac t ionat ion  w n  po r fo rmd  t o  doflne the r e l a t i v e  u t i l i t y  f o r  each 
-1 of washing and chemical desul fur izat ion.  The sumnary chart 
(Table 2) o f  p y r i t i c  su l fu r  removal resu l ts  shows that a) the lbyers '  
Process, a t  i t s  current s ta te  o f  developmnt, removes 83-98% o f  the 
p y r i t i c  su l fu r  content o f  the  19 coals studied, resu l t ing  i n  t o t a l  
su l fu r  content reductions o f  40 t o  82%, b) nine of the coals are reduced 
I n  su l fu r  content t o  the 0.6 - 0.9% su l fu r  levels general ly conslPtent 
w i t h  tho fedora1 standard f o r  new s ta t ionary  sources and many state 
s tanbrds ,  wh i lo  t w o  coats  are reduced belcw 1.0% sul fur  by physical cleaning, 
c) w i th  the oxcoption o f  the Jane and L u u s  mines, the k y e r s '  Process 
r h v e s  s l g n l f l u n t  t o  wry large Increments of su l fu r  over that  sepa- 
r d l o  by physical cleaning, and d) In  one case, the Mathies mine, coal 
claaning resu l ts  i n  a s u l f u r  content Increase. 

Stat. emission regulations f o r  disch r e o f  su l fu r  oxides from 
u t l l l t y  and large Indus t r i a l  power p l a n t ~ ? ~ Y  can also be met by appl i -  
cat ian o f  the Meyers' Process. The Pennsylvania s ta te  standard fo r  
e igh t  a i r  basins Is approximately 1.1% sulfur, for  coal o f  25mn b t d t o n .  
The Marion, Mathies. B i r d  N0.3 and Delmont mines a11 meet t h l s  standard 
a f t e r  chemical desu l fu r iza t ion  but do not meet the  standard a f t e r  
e f f i c i e n t  physical cleaning. These coals could also be transported t o  
k Jersey o r  New York t o  meet t h e i r  s ta te  standards o f  approximately 
I.O%,and 1.8 and 2.4% su l fu r ,  respectively. 
mines would m e t  the'b8 county standards'' o f  approximately 2% SUI fu r  f o r  
the state o f  Ohio a f te r  treatment by the Heyerr' Process, whereas e f f i -  
c i en t  c l e m l n g  o f  these coals reduces t h e i r  s u l f u r  content t o  only 2.8 
m d  3.3%. 

The Heiggs and Powhatan No.4 

The Cunp mine I n  western Kentucky meets the state standard f o r  
' P r i o r i t y  3'regions of less t h i n  2.3% s u l f u r  a f t e r  treatment by the Heyers' 
Process, whorea physical cleaning reduces the t o t a l  content o f  t h l s  coal 
t o  2.9%. Tho Humphrey No.7 mine i s  reduced t o  1.5% su l fu r ,  vhlch m e t s  
the VIst V i rg in ia  standardsfor 'kegions 2 and 9 ' o f  1.7 and 2% respectively, 
wherras physical cleaning reduces the su l fu r  content t o  1.9%. 
mlne In  Iowa i s  reduced t o  2.3% s u l f u r  by the Heyers' Process which 
meets th. s ta te  requirement o f  approximately 3.1% su l fu r .  Physical 
cleanlng doer not mt the standard, reducing the su l fu r  content to 3.8%. 

sulfur and su l fa te  ranoval and especial ly u t i l i z a t i o n  o f  p h y s i u l l y  
cleaned coal w i l l  cause most coals t o  be further reduced i n  su l fu r  
content t o  the "95% removal'' level  shown in  Column 4 o f  Table 2. 

The Weldon 

We feel tha t  process improvements such as more e f f i c i e n t  residual 

in  comnarcial pract ice fo r  production o f  clean fue l ,  i t  i s  very l i k e l y  
tha t  an opt inun process cost and product will be obtained by cloanlng coal 
prior t o  f e r r i c  su l fa te  leaching,to r e m o  rock and sane o f  the larger 
py r i t e  p a r t i c l o r .  There are prel iminary indicat ions tha t  the e f f i c iency  
of the Heyerr' Process may be enhanced by u t i l i z a t l o n  o f  p h y s l u l l y  
cleaned coal. 
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A mre deta i led coal malysis s m r y  f o r  coals t . r tod.by thm 
h y m n '  P m c o s s  i s  sham i n  Table 3 .  Therm resu l t s  rho* that  a) a 
masurad haat content r i s e  o f  up t o  5 - 10% IS obtalnad fo r  tho 
Appalachian and s a m  o f  t lm I n t a r l o r  Bnln -Is, whila on a dry 
mineral nut tar  and p y r i t e  hoat contant frw basis, hoat contmt  
changos are ossan t ia l l y  nag l i g ib lo  n t o  ba a r p c t a d  f o r  m g l l g l b l a  
r u c t i o n  o f  tho coal organic mattar, b) the Co ls t r i p  (wortam) md 
Orient No.6 (eastern I n t e r i o r )  coals shoc rmll hoot ontmt lans ,  
c) ash removal. In  addi t ion t o  that  accomtod to r  by p y r i t e  &c- 
was observed i n  varying d.grms f o r  a l l  coals, d) a Incroara I n  
organic su l fu r '  content i n  excess o f  that  f o r  ash m a l  occurs for 
sone coals whi le )nu1 1 decreases occur f o r  othars. 

As the Appalachim Basin provides most o f  tho US coklng ccml 
production, i t  was deemed dor l rab le t o  obtain fm swel l ing 1nd.x 
(FSI)  data on t h a m  coals. 
r q u l r a d  t o  obta in  assurmc. of ra tant ion o f  coking p r o p o r t l a  a f t o r  
Ckyarc' P r o o s s  t n a t m n t .  FSI valuas o f  5 - 8 m n u m d  f o r  tho 
Appalachim coals s b d  no s l g n i f l u n t  chmg. a f t a r  p.rocosring. 

, 

Actual coke-om t as t l ng  Is, o f  couru, 

EXPERIMENTAL METHOD 

Chemicrl Removal o f  P y r i t i c  Sul fur .  

adapted from the bench-scale ~ t u d l e s t ( ~ f  w i th  the obJactiva o f  ob- 
ta in ing 90% - 100% p y r l t l c  s u l f u r  remva l  and o f  s lnu la t l ng  procars 
dosign as near ly n pobrIble, consistent w i t h  a f f i c l a n t  laboratory 
aperatlons. 

t o  give  high u t r a c t l o n  rates a d  t o  bo meat r a t l r f a c t g  f o r  I.borr- 
tory scale smpl lng ,  although coal top slras  up t o  -1/4" h m  b a n  
tasted and give masonabla although d d  m t l m  r 8 t - m  

Tha general condi t ions fo r  p y r i  1 s u l f u r  ramoval h m  ban 

Mash Slra - coal gromd t o  100 m s h  x 0 o r  fimr h n  bm found 

Ferr ic  ion Concentration - f a r r l c  su l fa ta  so lut ion I! I n  f o r r i c  
Ion appars  t o  be optlnnm, although d l f f a m o s  duo t o  a m a n t r r t l o n  
change do not appoar t o  be gmot.  

Roaction Tanporotun - tho roactim t.np.r.tun a hold  a t  th. 
ro f l ux  temperatun o f  I! f e r r l c  su l fa ta  so lut ion uhleh i s  -irrtaIy 
102.C. This a l l a s  a moronably h igh  react ion r a t e  a d  yot d o n  not 
roquire pressure equ lpnnt .  

h a t i o n  T i m  - e r h  coal was laached a t o t a l  of 10 - 24 hours 
dopndlng am the ch r rac te r i s t l cs  of th i n d i v l d u r l  c a l  baing t r ra tod.  

Ferr ic  ion t o  Total iron Ratio(') - r l n u  tho rate of p y r l t a  
removal Ir s1-d substant ia l ly  by forrour ion .ecunuIa t lm (H. 
eq 3 ) ,  e r h  coal w n  tma ted  mder omdi t lons  h s l g n e d  t o  k n p  Y 
>0.80 by one o f  the f o l l a l n g  mans: 
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increasing the solvent t o  coal r a t i o  (w/v) from a 
nomlnal IO t o  a maximum o f  40 

Changing the leach so lu t lon  a f t o r  3 - 6 hours o f  
r w c t  ion o r  more o f ten  i f  requl red 

A canblnatlon o f  the above. 

Post Smple Treatment - a f t e r  treatment, the samples were 
thoroughly washed t o  remove any residual leach so lu t ion  and then 
dr l rd.  A l l  s m p l e  calculat ions w e n  dom on a dry basis I n  order 
to al imlnate var iables d m  t o  wetness o f  the coal. Sulfur f o n s  
m d  proximate analysis have been obtalnsd f o r  each treated coal 
smple. 

The exact procedure i s  descrlbed below: 

One hundred g r m  o f  100 m s h  x 0 coal were added t o  2-1 
re f lux lng  I N  f e r r l c  sul fate so lu t ion  contained I n  a 4-necked 
3-1 glass c ~ l l n d r l u l  react ion vessel equlpped w l t h  a mechr 
n l c a l  s t l r r e r .  re f l ux  condenser and a thermocouple attached 
t o  a recorder. Each vessel also had a stopcadc a t  the bottom 
for taklng smples  and was heated by a speclal ly constructed 
heating mantle. Af ter  the coal addl t ion,  an addl t lonal  0.5-1 
I N  f e r r i c  s u l f a t e  so lu t ion  was used t o  wash dmm the sides o f  
t& vessel. 
m d  tha leaching process was considered started. Then, t h e  
reactlon mlxture, which was a t  814.C. was rap ld ly  brought 
t o  re f lux ,  a process tha t  takas 8 - 12 mlnutes. 
smples f o r  each Iron analysls were taken by d r n l n g  a 200 m l  
a l i quo t  o f  t he  react ion mlxture from which a 20 m l  sample 
w s  taken and cooled lmnadiately t o  0.C. LLnused material was 
returned t o  t h e  react ion f lask.  
was centr l fuged t o  remove a l l  suspended sol ids and 10 m l  of t h l s  
was used f o r  Iron analysis. Any remaining coal or leach solu- 
t i o n  was returned t o  the react ion f lask.  

A t  t h i s  polnt, the to so lu t ion  sample was taken 

Leach so lu t ion  

A f te r  u a l l n g ,  a 14 m l  a l i quo t  

A f te r  4 - 6 hours when Y was reduced to appmxlmte ly  0.8,  
tho haating was stopped and the react ion mixture was drained 
from the f lask ,  f l l t e r e d  m d  sucked as dry as posslble. The 
f l n a l  react ton volume and approximate solvent retention on the 
coal were then determined. 
s l u r r i e d  w l t h  200 m l  fresh f e r r i c  su l fa te  so lu t ion  a t  30.C and 
a d h d  t o  2-1 fresh I t  f e r r i c  su l fa te  so lu t lon  a t  ref lux.  Anothor 
300 m l  f e r r i c  su l fa te  was used t o  wash any residual coal I n to  
the f lask .  A to leach so lu t lon  smple was taken ImnadIately 
and the e n t i r e  react ion mlxture was brought t o  re f l ux  I n  6 - 
12 minutes. Leach so lu t lon  samples were taken a t  n g u l a r  In te r -  
vals, and a f t e r  a to ta l  elapsed r w c t l o n  t l m e  o f  IO t o  24 hours, 
the reaction mlxture was drolned fran the react ion f l a k .  fll- 
tared and washed clear w i th  0.5-0.1-1 water. 

The wet, unwashed coal was then 



i 

/ 

I 
'.\ 

41  

, 
\ 

The extracted coal was s l u r r i e d  w i t h  2-1 o f  water o r  1K su l -  
f u r i c  ac id  o f  40°C  f o r  2 hours, f i l t e r e d  and then s t l r r e d  w i t h  
another 2-1 a t  s80'C f o r  an addi t ional  two hours. After f i l t r a -  
t l on ,  t h i s  procedure was repeated w i t h  2-1 water a t  *8OoC. If 
scheduling d id  not permit coal to be extracted w i t h  toluene im-  
mediately, i t  was s t i r r e d  a t  s50°C f o r  an extended per iod u n t l l  
i t  would be f i l t e r e d  and extracted. 

A f te r  the ext ract lon o f  residual su l fa te  and i ron,  the wet 
coal was t ransferred i n t o  a 1 - 1  round bottom f lask  equipped w i t h  
a mechanical s t i r r e r  and Dean-Stark t rap.  Then 400 m l  toluene 
was added and the mixture was brought t o  re f l ux .  
t inued u n t i  1 a1 1 the water was areotroped o f f  (approximately 
0.75 - 1.25-hr and 50 - 75 ml) plus another 15 minutes. The hot  
so lut ion was then f i l t e r e d ,  washed w i t h  50 - 75 m l  toluene, and 
then dr ied  i n  a vacuum oven a t  100 - 120°C. This coal was then 
weighed and analyzed. 

This was con- 

FLOAT-SINK TESTING (Commercial Testing S Engineering Co.) 

and 14 mesh x 0 port ions obtained from the i n l t i a l  sampling of  the 
coals were f ract ioned according t o  standard f loat -s ink procedures 
using organic l iqu ids  o f  1.30, 1.40, 1.60 and 1.90 spec i f i c  g rav i t ies .  
Head samples f o r  each s ize (or gr ind) ,  each grav i ty  por t lon  and the 
two 100 mesh x 0 samples were analyzed on a dry basis f o r  % w/w ash, 
t o t a l  su l fu r  and p y r i t i c  su l fur .  The raw data was then used t o  cal- 
cu late washabil i ty data showing cumulative recovery and cumulative re- 
j e c t  a t  the various spec i f i c  g rav i t ies  f o r  each o f  the s ize  port ions. 

Five hundred pounds each o f  the 1-1/2" x 100 mesh, 3/8"x 100 mesh 

4 
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PLANT DESIGN OF A METHOD FOR CHEMICAL DESULFURIZATION OF COAL, L .  L o r e n z i ,  Jr. ,  
Envi ronmenta l  P r o t e c t i o n  Agency, Research T r i a n g l e  Park, N o r t h  C a r o l i n a  21711, 

L .  J .  Van Nice,  M. J .  Santy and R. A .  Meyers, TRW I n c . ,  One Space Park,  Redondo Beach, 
C a l i f o r n i a  90278. 

The Meyers' Process i s  a new and p o t e n t i a l l y  l o w - c o s t  approach f o r  removing p y r i t i c  
s u l f u r  f rom coa l  wh ich  u t i l i z e s  a s i m p l e  f e r r i c  s u l f a t e  l e a c h i n g  techn ique ,  The p y r i t i c  
s u l f u r  c o n t e n t  o f  c o a l  i s  conve r ted  t o  e lementa l  s u l f u r  and i r o n  s u l f a t e s  which become 
process p roduc ts .  Bench- 
s c a l e  da ta  and process des ign s t u d i e s  i n d i c a t e  t h a t  t h e  process may b e  des igned u t i l i -  
z i n g  a number o f  a l t e r n a t i v e  p rocess ing  methods. Some o f  t h e  parameters which have been 
t e s t e d  and cons ide red  i n c l u d e  t h e  f o l l o w i n g :  a i r  vs  oxygen f o r  r e g e n e r a t i o n ,  coa l  t o p  
s i z e s  f rom 1 /4 - inch  t o  100 mesh, l e a c h i n g  and r e g e n e r a t i o n  temperatures o f  50°C up t o  
130"C, concur ren t  l e a c h i n g  and r e g e n e r a t i o n  i n  t h e  same vesse l  and recove ry  o f  e lemen ta l  
s u l f u r  by e i t h e r  s o l v e n t  e x t r a c t i o n  o r  v a p o r i z a t i o n .  Coal t r e a t m e n t  p l a n t s ,  based on 
t h e  process, may be  c o n s t r u c t e d  u t i l i z i n g  s tandard  equipment such as l e a c h i n g  vessels ,  
t h i c k e n e r s ,  vacuum f i l t e r s ,  e t c . ,  and s tandard  m a t e r i a l s  o f  c o n s t r u c t i o n  such as s t a i n -  
l e s s  s t e e l ,  r u b b e r - l i n e d  equipment and t h e  l i k e .  The s i m p l i c i t y  o f  t h e  process and t h e  
m i l d  c o n d i t i o n s  u t i l i z e d  i n d i c a t e  t h a t  d e s u l f u r i z a t i o n  c o s t s  may w e l l  be f a v o r a b l e  when 
compared w i t h  a l t e r n a t i v e  s u l f u r  ox ide  c o n t r o l  methods. 

F e r r i c  s u l f a t e  i s  regenerated by r e a c t i o n  w i t h  oxygen o r  a i r .  

't 

i 
V 

i .  
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COAL DESULFURIZATION: COSTS! PROCESSES AND REC'OMMENDATIONS, 
J. C. Agarwal. R. A. Giberti, L. J. Petrovic, Kennecott Copper Corporation, 
Ledgemont Laboratory, Lexington. Mass. 0217 3 

This paper contains a review of the costs and technology for removal of sulfur by 
physical and chemical means. In particular, experimental resuIts and economic 
analyses are presented for  the use of Fe (SO ) to remove pyritic sulfur. Also, 
included is a description of Kennecott Co$per4s3new low temperature process for the 
removal of pyrite and some organic sulfur from coal. The major conclusions briefly 
stated are: 

(1) The best physical desulfurization process can only remove about 70% 
of the pyrite and has costs in  the neighborhood of stack gas cleaning. 

(2)  While Fe (S04)3 does remove more than 95% of the pyrite, the 
reactionjime is in the order  of hours which leads to high capital 
and operating costs. In addition, the regeneration of ferric ion 
remains a major process uncertainty. 

(3)  Kennecott's process has  removed 100% of the pyritic su l fu r  and 
20% of the organic sulfur in Illinois No. 6 coal at costs com- 
parable to stack gas cleaning. 
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COAL DESULFURIZATION BY MACNFTIC FORCES 

S.C. Trindade", J.B. Howard, H.H. Kolm, and C.J. Powers 

Department of Chemical Engineering and Francis Bitter National Magnet Laboratory 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

INTRODUCTION 

1 Magnetic cleaning of coals has been studied in the past by passing coal 

particles - usually pre-treated - suspended in air streams through conven- 
tional magnetic separators. The work reported here2 is a systematic attempt 

3 at using high gradient magnetic separation techniques in coal slurries . 
OBJECTIVES 

There is a worldwide denand for new coal cleaning processes. This demand 

stems from the following: (i) upgrading of local c o d  reserves, mainly in 

developing countries; (ii) air pollution abatement, mostly of SO2 and fly 

ash, in developed countries (the U.S. in particular); and (iii) preparation 

of raw materials for coal gasification and liquefaction, mainly in the 

United States. In response to this demand the work described here was con- 

ducted with the folloving objectives: 

(i) Determine the technical and economic feasibility of using magnetic 

Brazilian coal from the Sideropolis field (30% technology in coal cleaning. 

mineral matter and 2-32 sulfur mainly pyritic) was used as a case example. 

(ii) Study the fundaental principles of magnetic separation. 

*Speaker, Present Address: Arthur D. Little Limitada, Rua Macedo Sobrinho, 
48-ZC-02, Caixa Postal 9041, Rio de Janeiro, GB, Brasil. 

! 
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PRINCIPLSS OF MAGNETIC DESULFURIZATION OF COAL SLURRIES 

The ra t iona le  for  magnetic removal o f  minerals from coal  i s  based on the 

magnetic Suscept ib i l i ty  o f  i t s  components. In  C G S  un i t s ,  the  values 

are: organic n a t e r i a l ,  -0.4 t o  -0.8; sha les ,  39 t o  45; kaol ins ,  20 t o  39; 

s u l f i d e s ,  0.3 t o  120; carbonates ,  -0.4 t o  100; chlor ides ,  -0.9 t o  -1.3; 

accessory minerals, of minor importance, -1.2 to 20. These values indicate  

a l imi ta t ion  on t h e  removable amounts, f o r  not a l l  of  t h e  minerals a r e  

paramgnet ic .  Unfortunately, i n  many coals  til? minerals a re  int imately mixed 

with t h e  coal  substance, and grinding t o  f i n e  s i z e s  i s  the  required pr ior  t o  

separat ion i n  order  t o  maximize differences i n  magnetic suscept ib i l i ty .  In  

coal  cleaning we are usua l ly  dealing with t h e  removal o f  paramagnetics 

( p y r i t e s  and a f r a c t i o n  of t h e  other  minerals) from t h e  coal matter ( la rge ly  

diarmgnetic). 

l ? ~ c  t r c c s l a t i o n a l  force  - a t f r m t i v e  o r  repuls ive - alon,? a Rivcn d ? -  

rec t ion  on a small p a r t i c l e  of  a non-ferromagnctic material i m e r s e d  in  a 

magnetic f i e l d  is  given by 

F, = x .V.H (&-I/&) (1) 

where Fm i s  the  magnetic force ac t in& on the  p a r t i c l e  i n  the x di rec t ion ,  

x is  the  volume s u s c e p t i b i l i t y  of t h e  p a r t i c l e ,  V i s  t h e  p a r t i c l e  

volume, x V is magnetization, and H i s  t h e  t o t a l  magnetic f i e l d  act ing on 

t h e  p a r t i c l e  i n  t h e  x di rec t ion .  The r e l a t i v e l y  recent  a v a i l a b i l i t y  o f  much 

l a r g e r  magnetic f i e l d s  and f i e l d  gradients  hso permitted extension of use of 

magnetic separat ion beyond highly magnetic materials, i . e . ,  ferromagnetics, 

t o  mixtures of  parmaenet ic  and diamagnetic substances. 

The basic  pr inc ip le  of magnetic separat ion is  then the developnent of 

a magnetic force - n t t r a c t i v e  o r  repuls ive - as p a r t i c l e s  with d i f fe ren t  
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s u s c e p t i b i l i t i e s  en te r  t he  reach of a magnetic f i e l d .  

geometry and the  design of t he  separa tor ,  and the  nature of the  medium carry- 

ing the  p a r t i c l e s  t o  be separated,  forces a r i s e  - p a r t i c l e  weight, buoyanCY. 

and drag by t h e  f l u i d  carrying t h e  pa r t i c l e s ,  e t c .  - which oppose t h e  Separation 

Depending upon t h e  

\ 

\ 
I Inspection of Equation 1 suggests t he  important magnetic cha rac t e r i s t i c s  

which a separator design should provide, namely an in tense  f i e l d  s t rength  

and a l a rge  f i e l d  gradient.  

t o  increase the  capacity of t he  separator.  

1 

Both should cover the  l a rges t  poss ib le  volume 

Consider a separator which cons i s t s  of a packed column, inser ted  v e r t i -  

ca l ly  i n  t h e  bore of a solenoid magnet. 

magnetic mater ia l  ( s t a i n l e s s  s t e e l  wool o r  a s t e e l  wire sc reen ) , i s  the 

source of t h e  f i e l d  gradient and holds magnetically captured pa r t i c l e s .  

simplified model considers an i so l a t ed  s t rand  of s t e e l  wool tsken as a 

cyl indr ica l  wire of uniform cross section (e.g. 1001~  i n  diameter),  inser ted  

hor izonta l ly  i n  a volume (e.& t h e  bore o f  a B i t t e r  solenoid magnet), where 

the  magnet f i e l d  is  uniformly v e r t i c l e .  i n  

s i ze  from 0 t o  600~ - a re  car r ied  i n  t h e  water s l u r r y  flowing pas t  the s t rand.  

The capture of a pyr i t e  p a r t i c l e  by t h e  strand depends on t h e  r a t i o  R of 

the  magnetic force t o  the  opposing force8 (net weight, W, and t h e  hydrodyna- 

mic drag force,  Fd) ac t ing  on t h e  p a r t i c l e  : 

The packing, a fi lamentary fe r ro-  

O u r  

The py r i t e  p a r t i c l e s  - ranging 

R = L s  VH (dh/dx) 
W + Fd w + F~ (2) 

The expression f o r  the magnetic force depends on t h e  applied f i e l d ,  t h e  

It is, in magnetic proper t ies  of t h e  materials, and t h e  system geometry. 

all cases,  a function of t he  center-to-center d i s tance  between the  p a r t i c l e  

and the magnetized s t rand,  and of t h e  angular pos i t ion  of t h e  p a r t i c l e  
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with  respect t o  t h e  s t r and ,  

i . e .  with t h e  p n - t i c l e  Reynolds nunber, and a l s o  with t h e  p a r t i c l e  shape. 

The net weight depends c.n t h e  volume of  t he  p a r t i c l e ,  i t s  dens i ty  and the  

dens i ty  of the  l i q u i d .  

The expression f o r  F v a r i e s  with t h e  flow rec ine ,  d 

k r;nttienctic..l model based on t h e  above forces  was developed t o  simulzte 

t h e  effcr: cf Chc p r i n c i p d  independent var iab les  on t h e  probabi l i ty  of  cap- 

t u r e  of mineral p u t i c l e s ,  as measured by the  value of  R.  The magnetic f i e l d  

was 20 kOe, t h e  source of f j e l d  gradient was a cyl indr ica l  s t e e l  strand of 

100 microns i n  diameter, and only py r i t e  pa r t i c l e s  ( suscep t ib i l i t y  equal t o  

25 x emu/p )  were considered. 

Figure 1 shows t h e  e f f ec t  of p a r t i c l e  s i z e  on R f o r  d i f f e ren t  s lu r ry  

ve loc i t i e s  (Vs). 

f o r  which t h e  p robab i l i t y  of capture reaches a maximu. 

s lu r ry  ve loc i ty  is shown by the  f l a t t en ing  of  the  curves 8s t h c  velocity 

increases.  In a l l  cases the  drag force  predominetes over the  magnetic fo rce  

for s m a l l  p a r t i c i e s  where t h e  p a r t i c l e  weight is negligible.  

The curves ind ica te  t h a t  t he re  is an optimm pa r t i c l e  s i z e  

The e f f e c t  of  t he  

For la rge  sizes 

t h e  net weight i s  t h e  most important force.  For in te rnedia te  s i zes  the  ma[-;- 

ne t i c  force is  r e l a t i v e l y  more important. 

APPARATUS AND PROCKDLRES 

The schematic of t h e  apparatus used i n  t h i s  work is shown i n  Figure 2 and 

described elsewhere . 
t o  0.42 t o  0.044 mn t op  s i ze .  

of coal, of known s i z e  d i s t r ibu t ion ,  water, and fo r  t h e  f ine r  s i zes ,  a w e t -  

t i n g  agent. The s l u r r y  was passed once through the  separa tor ,  e s sen t i a l ly  

a packed co lu in  in se r t ed  in  t h e  bore of a solenoid magnet. The packing con- 

s i s t e d  of rnaenetic s t a i n l c s s  s t e e l  wool o r  screens at packing dens i t ies  

3 Pre-washed coal - 25.4 t o  0.6 nm top s i z e  - was ground 

Slur r ies  were prepared by mixing known amounts 

\ 
I 
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I 

ranging between 1 and 13 volume percent. The mater ia l s  re ta ined  (mags) , and 

t h e  materials passed through ( t a i l s )  were analyzed f o r  t o t a l  ash content and 

Sulfur. 

and p y r i t i c  plus s u l f a t e  sulfur .  

minerals i n  the o r ig ina l  coal ,  t a i l s  and mags were measured. 

( t o t d ,  ash,  sulfur, etc.) are always defined with respect t o  the total  amounts 

present i n  the o r ig ina l  coal. 

Organic sulfur w a s  estimated by t h e  d i f fe rences  between t o t a l  sulfur 

I n  a few cases the  magnetizationsof the coa l  

Recoveries 

EXPERIMENTAL RESULTS 

Evidence of Magnetic Separation 

The magnetization curves of t h e  coal minerals i n  t h e  products of magnetic 

separation provide evidence of magnetic action. 

obtained by low temperature ashing (LTA), i n  which t h e  coa l  substance is  

slowly combusted a t  150 C, leaving behind the  unaltered minerals . The 

meaourements employed Foner's vibrating-sample magnetometer . As shown i n  

Figure 3 at  a f i e l d  of 1 5  kOe t he  magnetization of the  LTA of the "tails" 

is 30 times smaller than t h e  LTA of t h e  "mags", ind ica t ing  t h e  removal of 

minerals with higher suscep t ib i l i t y  from t he  o r ig ina l  coal and t h e i r  con- 

centration i n  t h e  I'mags". 

Typical Result 

A typical  r e s u l t  of a laboratory test of magnetic separa t ion  of coa l  is shown 

below. 

20 bOe, the s lu r ry  concentration w a s  2.5$, t he  top  p a r t i c l e  Size vas 44 m i -  

crons and the  s lu r ry  ve loc i ty  was 2.0 cm/sec. 

s t i t u t e d  80% of the  feed and contained only 0.81% su l fu r  as opposed t o  1.32% 

sulfur i n  the  feed. 

processed t o  improve the  product y i e ld .  

The coal minerals were 

4 

5 

The void volume of t h e  packing was 95%, the  f i e l d  i n t e n s i t y  was 

The recovered product con- 

In  a p rac t i ca l  s i t ua t ion  t h e  "mags" could be fur ther  
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PEED EASE = 100 

27. $ Ash 

1.32 Total Sulfur 

0.66 P Pyr i t i c  Sulfbr 

TAILS RCCOVERY = 80.8 
24. $ Ash 

0.83 X Total Sulfur 

0.24 % m i t i c  Sulfur 

MAGS RLCOVERY = 116.4 
38.9 ’$ Ash 

2.52 % Total Sulfur 

2.01 Z P y r i t i c  Sulfur 

Effect of t h e  Independent Variables 

The experimental r e s u l t s  confirmed t h e  force  balance sodel  v i t h  respect t o  

the  effccts  of p a r t i c l c  s i ze  and s l u r r y  ve loc i ty .  

dictions of t h e  model is. t h a t  t he re  should be a given p a r t i c l e  s i z e  fo r  wh,cn 

R reaches a maximum. 

t r a t ion ,  and t h e  s u l f u r  recovery i n  t h e  mags would peak at thc sane d i m e t e r ,  

i f  pyr i tes  are t h e  dominant form of su l fu r ,  and i f  they a re  su f f i c i en t ly  

l ibera ted .  

One o f  the inportant pre- 

Consequently we would cxpect t ha t  the  s:ilfur concen- 

In  a series o f  runs coal was sieved t o  produce n a r m w  pa r t i c l e  

s i ze  d i s t r ibu t ions  rrhj ch gave approximately monodisperse s l u r r i e s  vhcn sus- 

pended i n  water. The following s ize  ra r~gcs  were obtained: ( i )  below 41U, 

(ii) 44-53~, (iii) 53-63,  ( i v )  63-74~1, (VI 74-105~, ( v i )  105-177~1, and 

( v i i )  177-420~1. 

concentration WRS 2.6 gm/lOO ml and t h e  l inear  ve loc i ty  ran@ betwezn 2 . 3  

and 2.6 cri/sec. 

Fieare 4 shovs the  e f f e c t  of p a r t i c l e  s i z e  on su l fu r  recavcry i n  n a p .  

S t e e l  screens were used a s  packing (91% void).  The s lu r ry  

The applied magnetic f i e l d  was kept constant a t  20 k3c.  
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Analysis of the forms of sulfur for the maximum point showed that pyritic 

sulfur accounted for most of the total sulfur in mags. 

According to the model, R should decrease as the slurry velocity increases. 

Consequently "mags" recovery should decrease, sulfur concentration in the 

mags should increase because the particles of higher susceptibility (pyrites ) 

should constitute a majority of those retained. 

confirmed experimentally. 

All these predictions were 

ECONOMIC ANALYSIS 

A practical scheme of magnetic separation applied to coal beneficiation would 

be based upon the same concepts described here but the operation would be 

carried out in large capacity continuous equipment. In one possible situa- 

tion the separator packing would move in and out of a magnetic field region 

to allow for continuous washing of the packing to remove trapped materials. 

The slurry fed to the separator would always find a clean packing. 

tinuous device of this type has been developed for use in beneficiating 

taconite ore which resembles, geometrically, a 'carousel' slide projector. 

A con- 

Table 1 summarizes the results of a preliminary economic analysis of a 

magnetic separator for coal cleaning, based on experimental results. 

particle size was 28 mesh, field intensity was 20 kOe and slurry velocity was 

4.0 cmlsec 

processing costs to changes in the cost of power, depreciation time, etc. 

The estimated processing costs fell into a range of 30 to 63 cents per ton 

of coal produced. This range compares favorably with conventional benefi- 

ciation techniques. 

Top 

in a once through operation. We tested the sensitivity of the 

\ 

c 
i 
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TABLE I 

COSTS OF 14AGiETJ.C DESULFURIZATION OF COALS 

Feed(r100) - 
Ash % 30.1 

Sulfur  % 1.80 

m i c a 1  Case 

f i e l d  20 kOe 

s i z e  d is t r ibu t ion  28 mesh x 0 

once through operation 

Product ( t a i l s  (=72) 

27.9 
1.80 

- Plant Charac te r i s t ics  

-I_ Base Case Alternatives 

Investment, l o 3  $ 6480 6480 - 12960 

Operational C a p x i t y ,  lo3 t/yr 7920 2640 - 7920 
Number of' u n i t s  (3.6 m2 each) a 6 - 16 
Depreciation t i n e ,  y r s  20 10 - 20 

Power c o s t s ,  nills/kwhr 10 10 - 20 

Processing Costs, cents/ton coal FOB PI.. 
Base Case Alternatives 

Indi rec t  Costs 9.2 9.2 - 27.9 
Direct  Costs . 12.5 12.5 - 18.9 

Coal Fed 21.7 25.8 - 45.5 
Coal Produced 30.1 35.8 - 63.2 

Total  Costs 
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CONCLUSIONS AND RECOMMENDATIONS 

t 

The principal conclusions of this study are summnrized below. 

0 The magnetic cleaning of coals can remove practically all the 
liberated pyritic sulfur and a portion of the other minerals. 

0 The experimental results can be predicted or interpreted, at 

least qualitatively, by the proposed model. 

0 The experimental work has confirmed the importance of the key 
independent variables: particle size and liberation; slurry 

velocity; field intensity and packing characteristics. 

With regard to the process economics, the following points are important: 

- magnetic separation is a capital intensive operation; 
- without superconducting magnets the operation is sensitive to the 
cost of power; 

- grinding costs were not included because, although fine grinding 
increases liberation, the probability of magnetic capture is 
diminished, according to the model; 

- the process looks commercially feasible. 
Recommendations for future research include: 

0 enhancement of the susceptibility of the materials to be separated, 

probably by changes in the nature of the particle surface; 

0 study of additional coals to characterize their behavior; 

0 study of the capacity and performance of systems of separators with 
mags recycle; 

0 coupling of magnetic separation with conventional coal cleaning 
schemes ; 

0 use of air laden with coal; 

0 fundamental studies including: 

- magnetic separation visualization 
- use of systems simpler than coal slurries 

i 
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- magneto-chemistry of t h e  p y r i t e  system 

. - quant i ta t ive  modelling,i.e. development of  a magnetic 

adsorption theory 
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CAPTIONS TO ILLUSTRATIONS 

Effect of particle size and slurry velocity on ratio of 
magnetic force to drag force plus net particle weight 
as indicated by simple model 

(a) 0.1; (b) 1.0; (c) 2.0) 
(slurry velocity, cmfsec: 

Schematic Arrangement of Equipment 

Observed effect of magnetic field on magnetization 

(m, mags; f ,  feed; t, tails) 

Observed effect of particle size on sulfur recovery in mags 
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FRACTIJRING OIL SHALE WITH EXPLOSIVES 
FOR IN SITU RECOVERY 

by 

J.  S. Mil ler -  and Robert T .  Johanren" 

i 
Bartlesville Energy Research Center, Bartlesville, Okla. 

ABSTRACT 

Three different explosive fracturing techniques developed by the 

Bureau of Mines for preparing a i l  shale for in situ recovery on eight experi- 

mental sites near Rock Springs, Wyo., are discussed. The fracturing procedures 

included (1) displacing and detonating nitroalycet in  i n  natural or hydraulic01 ly 

induced fracture systems, (2) displacing and detonating nitroglycei in  in  induced 

fractures followed by wellbare shots using pelletized TNT,  and (3) detonotino 

wellbore charges using pelletized T N T .  

The research an o i l  shale formations demonstrated that nitroglycerin dis- 

placed into natural or hydraulically induced fractures could be detonated with 

the resulting explosion propagating through the explosive-filled f- r acture. 

Sufficient fragmentation was obtained to sustain an in  situ combustion experiment 

by these procedures. Detonating nitroglycerin in  fracture systems gnd pelletized 

TNT in  wellbores of various well patterns at 100-ft depth develoDed extensive 

rock fragmentation, thereby achieving interwell communication suitable for in situ 

recovery experimentation. The remaining explosive fracturing techniaue used 

' Petroleum engineet. 
Research supervisor. 
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charges of pelletized TNT in repetitive wellbare shots at depths ranging from 340 

to 386 ft i n  various well  arrays. Results from the shooting caused fragmentation of 

rock around the wellbore and provided same interwell communication. However, 

the resulting flow copocity between wells was deemed insufficient to  support an 

i n  situ recovery experiment when compared with results from shallower tests at 

other sites. 

INTRODUCTION 

The research was started i n  1964 as a part of the energy research program of 

the Bureau of Mines. The goal of the research described here was to develop means 

for fragmenting the o i l  shale with explosives and to expose sufficient rock surface 

area t o  achieve in situ combustion recovery of shale oi l .  These studies are 

relevant to the rising concern for our capability to meet this Notion's mounting 

energy demands at reasonable costs and an acceptable level of social and environ- 

mental impact. 

The concept involves the injection and detonation of a liquid chemical 

explosive in natural or previously induced fracture systems or the use of a 

pelletized explosive to enlarge and extend these fractures to  provide fragmentation 

and interwell communication. This study i s  one of few known research efforts to 

evaluate results of detonating sheetlike layers of explosive intending to increose 

flow capacity i n  confined rock formations. The literature contained l i t t le informa- 

tion on this subject to serve as guidelines far the design of the experiments. Some 

related work, however, had been conducted by a few individuals and oi l f ie ld 
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service companies. 

failures, injuries, and numerous premature detonations thot destroyed wells and 

property. One report (16)' recorded on account of a combined shot of 5,000-qt 

Briefly, the eorlier work resulted in  moderate successes, near 

- 

~~~~ ~ 

Underlined numbers in  parentheses refer to items i n  the l i s t  of references at the 

end of this report. 

nitroglycerin (NGI) disploced into the formotion from o wellbore loaded with gloss 

marbles i n  the Turner Valley field during February 1946. 

and no further shooting was done following the experiment. 

Oi l  flow was not increased, 

Brewer (2) indicated that the Tar Springs, Jackson, ond Benoist Formations - 

in the Illinois Basin responded when the voids in these low-permeability formations 

were f i l led wi th  explosives and detonated. Further, the Cleveland and Red Fork 

sands i n  Oklohomo were reported to have responded to NGI shots in  the formation. 

Doto on individual tests and detailed results were not publicized. 

Included i n  U.S. potents relating to  explosive fracturing ore those of 

Zondmer (18,19), Brandon (l), Honson (!), and Hinson (10). - Results of the patented 

Stratablast process were reported at a meeting of the Americon Petroleum Institute in  

April 1965 (17). - The multiple component systems used were generally hypergolic 

fluids that explode when combined in  the formotion. In 1970, an article (11) - 

reviewed the "new look" at stimulation by explosives and gave a state-of-the-art 

account o f  the modern explosive techniques for improving production. 

-- 

The extensive oil shale formations in parts of Wyoming, Colorado, and Utah 

cover on area of oppraximotely 16,000 square miles (Fig. 1). These rocks of the 
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Green River Formation originated as limey muds deposited in predominantly locusti ine 

environments. Through geologic processes these lake floor deposits were transformed 

into morlstone containing organic kerogen, which requires considerable heat to  

change i t  into o l iquid shale oi l .  Because the host rock has l i t t le  natural porosity 

and permeability, fractures must be induced through which the injected air con 

establish and maintain a combustion zone and to provide a means to recover the 

retorted shale oi l .  

Surveys (2) show that o i l  shale deposits in  the United States testing 25 gal or 

more per ton contain about 600 b i l l ion bbl of oi l .  These deposits ronge in  depths 

from surface outcrops t0+2,000 ft. I f  a lower l i m i t  of richness i s  set at 10 gol/ton, 

the available volume of o i l  would be increased 25-fold to  about 2 tr i l l ion bbl. 

The development of  a technique for efficient shale o i l  recovery would significantly 

influence the Nation's tat01 -Jil supply. 

Development of mining and ob2veground retorting of o i l  shale has only 

recently advanced beyond the experimental stage. In addition, oboveground o i l  

shale processing i s  occorhpanied by ecologic disturbances with the attendant water 

supply and pollution problems of effluenk and disposal of spent shale. Underground 

retorting potentially offers a more feasible solution t o  the problem. Bureau of  Mines 

laboratory and field research on the use of chemical explosives to fracture the rock 

lends encouragement for developing means to accommodate the airflow requirements 

t o  maintain combustion, and for displacing retorted shale o i l  to producing wells. 

Explosive fracturing was applied to the Green River Formation on eight 

sites near Rock Springs and Green River,Wyo.; three of  which are described in 

I 
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this paper. Descriptions of procedures and explosive fracturing evaluation methods 

relating to  the sites have been reported (2,14,15). -- The methods used to fragment 

the formation differed from site to site because of the differences in depth to the 

richer shale beds at the various sites, differences of ground water levels, the 

extent of natural or induced fractures encountered, and the type of  explosive used 

to fracture the shale. 

FIELD TEST, ROCK SPRINGS SITE 4 

Purpose 

The first research program designed far the recovery of shale a i l  by in  situ 

combustionwas planned for Rack Springs site 4 .  Litt le information has been pub- 

lished about in situ retorting methods far production of shale o i l  (5,7,9). The 

experiment was designed to  estobl ish sufficient fracture permeability through 

expanding natural fractures, inducing hydraulic fractures, and by chemical explosive 

- _ -  

fracturing (2) 

Procedure 

The site was developed on a five-spat pattern about 25 ft square, as shown 

in Fig. 2. The wells were rotary dri l led with water and completed with 50 f t  of 

7-in casing and cemented to  the surface. A 6 1/4-in hale was dril led below the 

casing to a total depth of 100 ft in  the o i l  shale. Two additional wells were drilled 

of f  pottern os abservotion wells. A Fischer assay determined the oil yield of the 

section t o  range from 19.0 to 26.5 gal/tan. Two sand-propped hydraulic fracture 

treotments were applied for emplacing N G I  i n  the formation. 
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In the first two tests o f  o series of three explosive fracturing experiments, 

well  3 wos used for the injection and displacement of 100 and 300 qt of NGI i n  

the depth intervals from 70 to 74 ft. Continuous sompling of surrounding test wells 

showed thot the NGI migrated to  o second well during each injection. Detonators 

were set i n  each well, and the explosive charges were detonated simulotoneously. 

To further improve interwell communicotion, o hydraulic fracturing treat- 

ment wos performed at o depth of 79 to 84 ft i n  well 5 to assure the displacement 

and detonotion of the 300 qt chorge of NGI. 

The effectiveness of the three frocturing techniques wos determined by 

measuring airflow rates between selected wells before and after each test. 

Results - 
The first explosive frocturing test detonated 100 qt of NGI displaced into 

the formation from well  3 at  o depth interval from 70 to 74 ft. Following deton- 

otions i n  wells 3 ond 4, frocture intervals in the wellbores connecting the injection 

well 3 ond other wells were determined by airflow measurements. 

Comporing these airflow intervals with those permeoble zones induced by 

conventional hydraulic frocturing indicoted thot explosive frocturing creoted 

additional communicotion paths to wells 2 and 5 ot .the 73-ft level; however, 

the injection capacity of well 3 wos reduced 64 percent. This reduction i n  injection 

copocity moy hove resulted from too wide o dispersion of the liquid explosive, so 

thot the shot did not have sufficient strength to l i f t  and frocture the overburden 

rock permonently, or the fractures may hove been plugged by fine oil-shale 

porticles or mud. 

i 

I 

t 

, 
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The detonation of the first 300 qt charge of NGI resulted in ground movement 

recorded at a particle velocity of 2.5 in/sec. Air-entry intervals that existed after 

the first 100 qt shot were not apparent after the 300 qt shot; however, new zones 

were opened to airflow. The injection capacity was increased by 500 percent. 

T k  volume of  the fractures created by the 300-qt NGI shot i n  well  3 was 

estimated by water f i l lup to be 800 cu ft. This was the amwnt of water removed 

from the wells in the test area by pumping and bailing. 

Surface-elevation changes (Fig. 3), brought about by the explosive work, 

ranged from 1.20 in at well 1 to  1.92 i n  at well 3 in  the five-spot test pattern 

to 0.84 and 0.60 in, respectively, at off pattern wells 6 and 7. The contours of 

surface elevation change indicated that the change was almost proportional to the 

distance from the NGI injection well 3. 

Void volume based on the elevation-change contours and the area enclosed 

by the dashed line in Fig. 3 was calculated to be nearly 150 cu ft. The total 

area affected by explosive fracturing could not be determined because of the 

lack of elevation-measuring stations outside of  the contoured area. 

Detonation o f  the second 300-qt NGI charge (well 5) resulted i n  o particle 

velocity of 2.2 i d s e c  measured at the surface, indicating complete detonation. 

Airflow tests were made, and the air-injection capacity was increased about 800 

percent. These air-injection rates were judged t o  be sufficient to support a 

planned in  situ combustion experiment. 

Although the nature and extent of fractures created in the oi l  shale by 

the various fracturing techniques ore not completely known, some generalizations 

con be mode. 
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Horizontal fractures were opened to  al l  wells i n  the original five-spot pattern 

with no apparent vertical communication estoblished, except i n  the ore0 between 

wells 3 and 5 where greater rock breakoge with horizontal and vertical fracturing 

resulted from the explosive fracturing. 

In general, hydraulic fracturing with sand propping provided adequate void 

space for emplacement of the NGI in these explosive-fracturing tests i n  the o i l  

shale. Explosive fracturing caused significant increoses i n  fracture permeability 

when o sufficient NGI charge was detonated. 

Results from a subsequent i n  situ combustion experiment on this site (21, 
t o  produce shale o i l  from o i l  shale, indicated that combustion could be sustained 

i n  an explosively fractured zone. 

FIELD TEST, ROCK SPRINGS SITE 5 

Purpose 

Explosive-fracturing research at Rock Springs site 5 was designed to develop 

additional expertise i n  creating sufficient fragmentation and permeability i n  the 

o i l  shale to support i n  s i t u  retorting. Results obtained from previously completed 

field applications indicated that detonation of a l iquid explosive in natural or 

hydraulic fractures effectively l ifted the overburden, extended existing fractures, 

and fragmented the o i l  shole formations (4,s). At this stage o f  the research, it 

was not possible to either precisely describe or adequately evaluate the fractures. 

Consequently, to achieve maximum fracturing, a combination method of explosive 

fracturing was used: (1) Displace and detonate a l iquid chemicol explosive i n  a 



68 

natural fracture system, and (2) use pelletized T N T  in a series of wellbore shots as 

the principal meons to fragment the o i l  shale for i n  situ retorting. 

Procedure 

S i te  Preparation 

A five-spot pattern of test wells (Fig. 4) was dril led to an approximate depth 

of 57 ft and completed with 7-in casing cemented to the surface. The wells, 

deepened to 100 ft wi th  a 6 1/4-in bit, were tested to  determine the extent of oir 

communication between the center well (well 5) and the surrounding wells. These tes ts  

indicated fractures ranging from 1 to 3 ft in  height between depths from 67 to 90 ft. 

Explosive Fracturing 

To fragment the o i l  shale, three types of  explosives were used: desensitized 

NGI, 6O-percent dynamite, and pelletized T N T .  

Figure 5 shows the positions and sequence of a l l  shots on Rock Springs site 5. 

A 340 qt charge of NGI wos displaced from well 5 into the natural vertical fracture 

system (SHOT A, Fig. 5), and was detonated successfully. This detonation was 

intended to l i f t  the overburden and create space for fragmenting more shale by 

use of other explosives through repetitive simultaneous wellbore shooting. Elevation 

meosurements were obtained on the casing heads of each well before and after 

detonation to  determine residual crowning of the overburden rack. 

During the second step of the fracturing experiments at this site, 60 percent 

dynamite was detonated in  the five wells to relieve stress conditions in  the block of 

oil shale. Each of the wells i n  the 25- by 25-ft five-spot pattern was loaded with 



\ 

\ 

/ 

E 

69 

45 Ib charges of 60 percent dynamite on detonating cord wi th electric caps attached, 

and detonated simultaneously (SHOT B) . 
Theoretically, to fragment the block of o i l  shale, by detonating wellbore 

charges of pelletized TNT, the area around center well  5 should be enlarged or 

"sprung." This would be accomplished by repeated wellbore shots from bottom to 

top of the test zone. The broken and enlarged area surrounding the wellbore would 

serve as a free foce to  enhance effects from later simultaneous wellbore shots across 

the pattern. 

Six shots (C, D, G, H, I, K) using approximately 1,000 Ib of T M ,  were 

detonated i n  well 5 at  depths ranging from 67 to 88 ft. The first three shots were 

not stemmed; consequently, water and debris were blown to  the atmosphere. The 

last three shots were sand tamped to  the surface to fragment the maximum amount 

of o i l  shale around the wellbore and permit the contained explosive gases to extend 

the induced fractures. 

Two shots (E-E, F-F), using a total of 536 Ibs of TNT, were detonated i n  

wells 3 and 4 between depths of 71 and 87 ft. 

After cfeanout in wells 1 and 2, 150-lb charges of TNT were placed in each 

hale t o  depths of 85 and 83 ft, respectively, and detonated (SHOT J-J). 

Wells 2 and 4 were cleaned out and a total of 250 Ib of T M  fi l led the 

holes to  depths of 76 and 77 ft, respectively, and were detonated (SHOT L-L). 

Wells 1 and 3 were prepared far reshooting by charging 150 Ib of TNT in 

each wellbore at depths of 77 and 74 ft, respectively, and were detonated (SHOT 

M-M) . 
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This explosive fracturing series was concluded by loading the four outside 

wells 1, 2,  3, and 4 wi th  charges of 296, 225, 185, and 185 Ib of T N T  and 

shooting simultaneously at depths of 75, 72, 69, and 73 ft, respectively (SHOT 

N-N). 

Resu I t s  

Although the numerous methods used t o  evaluate underground fractures 

created by confined explosive fracturing techniques in o i l  shale under this site 

revealed much information, the data obtained from the evaluation tests showed 

that the o i l  shale formatian exposed to the effects of  explosive fracturing was 

extensively fragmented. The data also indicated that the fragmented zone was 

roughly avalaidal in shape, approximately 95 ft in  diorneter and 70 ft thick. 

Extensive frocture systems were detected by airflow tests at a distance of 90 ft from 

the center well of the five-spat pattern. 

FIELD TEST, GREEN RIVER SITE 1 

Purpose 

This fracturing program was intended to devise an effective method to fracture 

the formation with wellbare shots. Mare specifically, Green River site 1 was 

developed to  test chemical-explosive-fracturing procedures far establishing 

communication between wells at greater depths and well spacings than had been 

previously attempted in  ail shale. 
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Procedure 
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Green River site 1 was located 5 miles west of the Rack Springs sites 4 and 

5 .  The o i l  shale zone of interest, at approximately 340 to 385 ft, was selected 

after studying the analysis of cores cut from an earlier well. As determined by 

Fischer assay, a i l  yield of  the cored section averaged about 21 .O gal/tan. 

The completed site contained 10 pattern wells far explosive-fracturing 

research. Six wells were dril led an 50-ft spacing to farm a rectangle with three 

wells on a side. The remaining four wells were dril led an 25-ft spacing to  form 

a five-spat pattern (Fig. 6);allwells were completed similarly to  the earlier 

described test we1 Is. 

Caliper and gamma ray logs were run to detect caving and borehole 

irregularities, and to correlate the o i l  shale formations. Airflow tests were made 

to  measure init ial  communication between injection well 6 and the remaining wells 

in  the pattern. 

The first series of explosive tests on the site was performed an the wells in 

the five-spot pattern. The amount o f  TNT used in each well was calculated from 

total-depth and caliper-lag measurements. The accumulated water was bailed 

prior to  lowering the priming devices and f i l l ing the wellbores with TNT.  

The pelletized TNT was poured slowly into the wells unti l  the T N T  column 

rose above the water level to assure that the T N T  had not bridged in the well. 

The wells were loaded with a total of 3,540 Ib  o f  T M ,  as indicated in  Table 1 .  

Each well was sand tamped from the tap of the explosive to approximately 150 ft  

i n  the casing before the explosive was detonated. 
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Well 
No. 

2 .  ... 
3. . . .  

4 . .  . . 
5 . . . .  

6. ... 

TABLE 1 . - S h o o t i n g  d a t a ,  f i r s t  s h o t ,  smal l  f i v e - s p o t  
p a t t e r n ,  Green River  s i te  1 

: o t a l  d e p t h  T o t a l  depth  
of o f  

w e l l ,  f t  c a s i n g .  f t  

389.5 342.0 

374.5 343.0 

386.5 341.0 

382.5 341.0 

383.5 342.0 

Explos ive  Sand tamp Explos ive  
h e i g h t ,  . depth ,  used ,  

l b  - f t  f t  

L'355.0 150 420 

347.0 150 2' 600 

345 .O 150 1,020 

2 l 3 2 7 . 0  150 600 

355.0 150 11 900 
I 

1 /  EXF m i v e  b r i d g e d  i n  c a s i n g .  
?_I E x p l o s i v e  d i d  n o t  d e t o n a t e .  
- 31 Explos ive  b r i d g e d ;  washed o u t ;  no a d d i t i o n a l  e x p l o s i v e  added. 
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An explosive-fracturing test wos then performed on the remaining five we1 Is 

in the large pattern; a total charge of  3,600 Ib of TNT was used in  this shot, as 

indicated i n  Table 2. 

The five-spot pattern wells were cleaned to bottom to remove rubble from the 

wellbores. During the cleanout, it become evident from the recovery of debris, 

that the explosive had not detonated in  wells 3, 5, and 6. Caliper logs run in these 

wells verified the findings. 

Wells 3, 5, and 6 were reloaded with 1,860 Ib of  TNT and shot (Table 3). 

After cleanout and after caliper logs were obtained, airflow tests were run on the 

five-spot pattern wells to  determine the relative extent of fragmentation and im- 

provement i n  communication between wells. 

The final explosive-fracturing test performed on this site was a simultaneous 

shot detonated in the wells of the five-spat pattern. Wire-line measurements were 

obtained to determine total depth, and caliper logs were run to determine wellbare 

enlargement from which t o  calculate the amount o f  TNT to f i l l  each well. Water 

was swabbed and bailed from each well, the primers were run to total depth, and 

a predetermined amount of T M  was poured in  each well. A total charge of 

7,140 Ib of T N T  was loaded i n  these wells and was detonated (Table 4). 

Resu I t s  

Data obtained from evaluation tests indicated that the o i l  shale was fractured 

and/or fragmented from the explosive work. Three of these tests indicated either 

formation damage and/or increosed fracturing of the shale existed between wells. 

I 
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Total depth Total depth 
Well o f  of 
NO.  w e l l .  f t  casing. f t  

7 . . .  .. 373.5 341.0 

a... .. 375.0 337.0 

TABLE 2 .  - Shooting data .  f i r s t  shot ,  large  pattern, 
Green River s i t e  1 

Explosive 
depth, 

f t  

346.0 

342.0 

9 . . . . .  

1 0 . .  . . . 
11.. . . . 

384.5 337.0 

373.5 340.0 

403.5 342.0 

342.0 

345.0 

308.0 

Sand tamp 
depth, 

f t  

150 

150 

150 

150 

150 

1 1 

- l/ - 2 /  Fxplosive i n  cas ing .  Casing damaged; no c lean o u t .  
Explosive d id  not  detonate.  

Explosive 
used, 

l b  

600 

600 

840 

1'600 

2'960 
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Total depth Total depth Explosive Sand tamp 
Well of  of  depth, depth, 
No. w e l l ,  f t  casing.  f t  f t  f t  

2 . . . .  150 

3 . . . .  379.0 343.0 345.0 150 

4 . . . .  150 

5 . . . .  382.0 341.0 346.0 150 

6.... 381.0 342.0 346.0 150 

75 

Explosive 
used, 

I l b  

(a) 

(2') 

600 

540 

720 

TABLE 3. - Shootine. data,  second shot .  small f i ve - spot  
pattern,  Green River s i te  1 

I p 
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Total  depth Total depth 
Well of o f  
No. well. f t  casinp;. f t  

2 . . . .  381.0 342.0 

3.... 384.0 343.0 

4.... 379.0 341 .O 

S . . . .  383.0 341 .O 

6 . . . .  378.0 342.0 

TABLE 4. - Shooting data, third shot ,  small f ive-spot  
pattern,  Green River site 1 

Explosive Sand tamp Explosive 
depth, depth, used ,  

f t  f t  lb 

346 190 780 

345 200 1,920 

351 252 1,800 

346 197 1,320 

L’350 200 1,320 
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CONCLUSIONS 

Results o f  explosive fracturing tests in a i l  shale show that NGI w i l l  detonate 

and that the explosion wi l l  propagate in water-filled natural fractures and sand- 

propped, hydroulically induced fractures in o i l  shale. The shale was fragmented 

by this method, and o successful underground retorting experiment to recover 

shale o i l  was performed. 

A combination of  displacing NGI into a natural fracture system and using 

pelletized TNT in wellbore shots fragmented oi l  shale between wells at relatively 

shallow depths ranging from 60 to  100 ft .  Extensive frogmentation extending to o 

radius of approximately 48 ft and extensive fractures to  a radius of 90 ft were 

disclosed by various evaluation methods. 

Further, pelletized T N T  performed satisfactorily in  wellbore shots in wells 

ranging between 150 and 385 f t  i n  depth. Fractures were created between w e l l s  

as indicated by airflow tests, but numerous other evaluation techniques tried did 

not indicate the extent of rock fragmentation. 

Y 
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FIGURE 1. - L o c a t i o n  of  Oil Shale Deposits i n  Utah,  Colorado,  and Wyoming. 
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PULSED NMR EXAMINATION OF OIL SHALES--ESTIMATION OF 
POTENTIAL OIL YIELDS 

F. P. Miknis, A. W. Decora, and G. L. Cook 

U.S. Department of the Interior, Bureau of Mines 
Laramie Energy Research Center, Laramie, Wyoming 82070 

, 

I 

INTRODUCTION 

For the past 4 years the Laramie Energy Research Center has been investigating the appli- 
cation of nuclear magnetic resonance (NMR) as a method of rapidly and reliably predicting po- 
tential o i l  yields of o i l  shales. With the present interest in  the government's oil-shale test-lease 
program, the need for a rapid and reliable oil-shale assay method i s  more urgent. The potential 
of wide-line NMR for this purpose has already been demonstrated by Decora, McDonald, and 
Cook.' Another type of NMR, pulsed or transient NMR, i s  being explored as a method for rapid- 
ly providing this information. The pulsed NMR method i s  more rapid than the wide-line NMR 
method because no time i s  spent sweeping the field or frequency to record the signal. Other ad- 
vantages of pulsed NMR over wide-line NMR are the elimination of line-broadening effects, no 
need for signal integration, greater sensitivity i n  a given measuring time, and ease of spectrometer 
operation. In addition, direct measurements of the spin-spin, T2, and spin-lattice, TI, reluxation 
times by pulsed NMR can provide other useful information abaut o i l  shales. 

In this paper we present the results of some pulsed NMR assays on oil-shale samples. Two 
groups of oil-shale samples from two different cores were analyzed by pulsed NMR in  a routine 
assay-type operation. Statistical analyses are presented to show that the NMR data linearly cor- 
relate with the Fischer assay oi l-yield data. 

EXPERIMENTAL PROCEDURES 

Oil Shales Studied 

Two oil-shale cores were studied. The first came from a proposed test-lease core and had 
been recently Fischer assayed. A total of 141 samples, designated as Group I samples, was selec- 
ted from this core to represent the entire depth (1,300 to 2,700 feet) and oil-yield ranges (0-70 
gal/ton) of the cored interval. 

The second core was cut below the B groove of the Mahogany zone. The total length of 
the core was 1,100 feet and the oil-yield range was 0 to 60 gallons per ton. The first 300 samples 
from this core, designated as Group II samples, were analyzed by pulsed NMR parallel with the 
Fischer assay oil-yield determination on the some core sections. 

Sample Preparation 

To prepare Group I samples for the first study, the sample remaining after Fischer assay 
was r i f f led to reduce the sample size to about 75 to 100 grams. This sample was then crushed to a 
fine powder on a disc grinder, and a representative portion (0.5 9) of the powdered sample was 
taken for the NMR measurements. 

Group II samples for the second study were of the same particle size (8 mesh) as was used 
i n  the Fischer assay method. No further crushing was done to the samples prior to the NMR 

/ 
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measurements. The samples were, however, riff led to o smaller sample size from which o repre- 
sentative portion (2.5-4.5 g) was taken for the NMR measurements. The riff l ing of these samples 
was on attempt to minimize errors in the NMR method, which could arise from nonrepresentative 
samp I i ng . 

i 

I 

I 
I '  

lnstrumentotion 

Pulsed NMR measurements on the Group I samples were made on a Bruker 3225 variable 
frequency pulsed spectrometer housed at  the Marathon Oil Co. Research Center i n  Denver, Colo. 
These meosurements of the free induction decay (FID) amplitude following a 90" pulse were mode 
at a resonant frequency of 60 MHz, a pulse length of 2.5 psec, a pulse repetition rate of 1 sec and 
using diode detection. About 30 FID amplitude measurements (requiring about 30 sec) were mode 
for eoch oil-shale sample, and the average values of these measurements were used to determine 
the relationship with Fischer assay o i l  yields by regression analyses. The FID amplitudes were 
corrected to unit sample weight prior to the regression analyses. 

FID omplitudes for the Group II shales were meosured on o similar instrument housed at the 
Laromie Energy Research Center. A resonant frequency of 20 MHz, a pulse length of 6 psec, o 
pulse repetition rote of 1 sec, and phose sensitive detection were used for these meosurements. 
Because the Group I1 somples were cwrser than the Group I samples, a larger sample tube ( 1  5 mm 
diameter) wos used. As was done for the Group I samples, about 30 FID amplitude measurements 
were made for each Group II sample from which an overage volue was obtained ond corrected to 
unit weight prior to the regression analyses. 

Linear Regression Analyses 

Linear first-order regression analyses were first performed on the FID amplitudes and 
Fischer ossay oil yields for stondord samples chosen from both groups. There were 30 standard 
samples chosen from Group I and 36 from Group II. Based on the slopes and intercepts of the best 
least-squares data fits, o i l  yields were calculated for the remoinder of the samples i n  both groups. 
Regression analyses were then performed on the oi l  yields calculated from NMR measurements and 
o i l  yields determined by Fischer ossay. The index of determination (square of the correlation co- 
efficient, r) i s  the parameter we use to judge the "goodness of fit" i n  the regression analyses. A 
value of 1 .OO for this parameter implies o perfect f i t  of doto points to a straight line. 

THEORETICAL CONSIDERATIONS 

The basis for the pulsed NMR ossay method lies i n  the ossumption that the organic hydro- 
gen content of an oil shole i s  relatable to the shale's potentiol oil yield. The FID amplitude, 
following o 90" pulse, i s  proportional to the total number of resonant nuclei i n  the sample, just as 
i s  the ore0 under the absorption curve in wide-line NMR. Because the resonant nuclei in this 
case ore protons, the FID amplitude i s  porportionol to the hydrogen content of the o i l  shole. 

The basic NMR measurement i s  shown in figure l(a). A sample introduced into o magnetic 
field, H,, achieves a net magnetization, M, proportional- to the amount of hydrogen in  the sample. 
If on rf pulse, HI, i s  applied ot right angles to H,, M can be rotated from i t s  equilibrium position 
and begins to precess about HI. If the intensity and duration of H, are properly chosen, M can be 
rototed into the xy plone at which time HI i s  turned off. The condition for o W" rotation i s  

P' 
n/2 = y HI T 

where y i s  the mognetogyric ratio of the proton, HI i s  the strength of the pulse, ond T~ i s  the pulse 

c 
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duration. Following the termination of HI, the individual magnetic moments begin to interact 
with each other and lose phase coherence as i n  figure l(b). The net result i s  that the signal in- 
tensity decreases to zero in  a characteristic time, T,, the spin-spin relaxation time. 

In the pulsed NMR ossay method, measurements are made on M, immediately after the 90" 
pulse, to obtain the maximum signal from all the protons in the sample. These measurements may 
include signal contributions from inorganic protons (adsorbed water, mineral hydrogen, tightly 
bound hydroxyl groups, etc.) as well  as the organic protons in  the o i l  shale. To improve precision 
of the method effort i s  made to distinguish between the different types of protons i n  the sample. 
By the very nature of  the pulsed NMR measurement i t  i s  diff icult to make t h i s  distinction, except 
in the case of adsorbed water for which on example i s  shown on figure 2. Here the effect on the 
FID of drying the shale sample to remove water i s  illustrated. The signal that persists in the un- 
dried samples for times greater than about 50 psec shows the effect of adsorbed water because upon 
drying, the signal i s  significantly reduced. This indicates that organic hydrogen relaxation times 
ore shorter than those of adsorbed water and suggests that signal contributions due to adsorbed 
water can be corrected for by subtracting FID amplitude measurements at 50 psec from those made 
at 20 psec. The corrected FID amplitude was assumed to more,closely represent the organic hy- 
drogen content of the o i l  shale. This procedure was followed for the Group II shales but not the 
Group I shales. 

Another parameter that may aid in minimizing signal contributions due to inorganic pro- 
tons i s  the spin-lattice relaxation time, TI. This i s  the characteristic time during which equilibrium 
i s  restored along the applied field direction, after the application of a pulse. T1 determines the 
frequency at which the 90" pulse sequence can be repeated and ultimately determines the rapidity 
of the pulsed assay method. Typically, one should wait at least 5 TI to allow for equilibrium to 
be restored before applying a second, third, etc., 90" pulse.2 For o i l  shales the T I  values for the 
organic material are quite short (10-300 msec) whereas same of the inorganic protons apparently 
have longer TI values. Evidence to illustrate this i s  presented in  the next section of this paper. 

. 

RESULTS AND DISCUSSION 

Puke ReDetition Rate 

Shown on table 1 are the results of a preliminary study made to determine how Tl values 
of inorganic and organic protons affect the pulsed assay method. Here, two FID amplitude mea- 
surements were made on 10 oil-shale samples containing substantial amounts (up to 53 percent) of 
nahcolite (NaHCO,). The first NMR measurement was made with a pulse repetition rate of 1 sec, 
and the second was made with a repetition rate of 30 min. The results on table 1 show that the 
NMR measurements of 1 sec correlate better with the oil-yield determinations; whereas, those 
made at 30 min correlate better with the total hydrogen. The total hydrogen includes bath organ- 
i c  and inorganic hydrogen and was determined by the combustion method. These results suggest 
that a fast repetition rate tends to minimize some effects due to inorganic protons. 

Fischer Assay Repeatability 

Previous work' related NMR signals to Fischer assay o i l  yields using single measurements. 
Repeatability measurements for each of these experimental methods was not determined. Because 
the reliability of the NMR ossoy method i s  dependent on that of the Fischer assay, a series of tests 
was made to determine the reliabil i ty of the Fischer assay o i l  yields. Seventy-five xrmples (three 
each of 25 Group I samples) were Fischer assayed, and average a i l  yields and standard deviations 
were calculated for each of the 25 samples. These results are presented in  table 2. If one defines 

I 
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the dispersion Coefficient as the standard deviation divided by the average value, then the calcu- 
lated "average" dispersion coefficient i s  0.138 for the 25 samples and represents the uncertainty 
i n  Fischer assay oi l  yields. 

TAaLE 1. - Correlations between oi l  yields and total hydrogen for 
different pulse repetition rates 

Index of determi nation 
Regression Pulse rate r2 

O i l  yield (gal/tan) versus free 
induction decay amplitude 

Total hydrogen (wt pct) versus 
free induction decay amplitude 

O i l  yield (gal/ton) versus free 
induction decay amplitude 

1 sec 0.97 

1 sec .95 

30 min .90 

Total hydrogen (wt pct) versus 
free induction decay amplitude 30 min .98 

TABLE 2. - Summary of data for Fischer assay repeatability test 

Sample No. Average F . A ., deviation, coeifi c i  en t, 

' 10164 38.7 11.2 0.289 
101 78 35.2 3.1 .088 
10335 15.5 1.3 .083 
10446 18.2 1 . 1  .059 
10648 14.2 6.7 .472 
10262 24.7 5.7 .230 
9522 21.7 6.6 .303 
9993 9.4 .7 .074 

1 02 96 17.9 1 .o .OM 
1063  11.9 .5 .039 
10352 30.7 .8 .025 
10026 22.0 .6 .028 
9947 8.8 .5  .061 

10162 9.5 4.2 .436 
101 15 14.1 .3 .019 
10531 22.1 1.3 .059 
9587 21.4 .8 .038 

10444 28.5 1 .o .033 
10603 6.4 2.4 .381 
10452 28.7 5.8 .202 
10254 21.5 1.6 .073 
101 37 18.8 .26 .014 
10564 21.9 6.9 .317 
10217 29.0 .82 .028 

SBR71- gal/ton S K 

,10224 27.0 1.2 .045 
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Group I Oil-Shale Samples 

Results of  linear regression analyses made with the 30 standard samples chosen from Group - 
I were used to colculate o i l  yields of the remaining 11 1 samples. The correlation between the 
measured Fischer assay o i l  yields and calculated o i l  yields i s  shown on figure 3. The value of 
0.93 for the index of determination i s  remarkably goad, considering the small sample size (0.5 9) 
used in the NMR measurements compared to the much larger size (100 g) typically used for Fischer 
assay. It appears that the procedure for preparing the NMR samples effectively duplicated the 
quality of the larger Fischer assay samples. Furthermore, these results were obtained for a single 
FID amplitude measurement, suggesting an insignificant adsorbed water contribution from these 
samples. 

Gram I I  Oil-Shale Samdes 
1 

The G r w p  II shales were run in a more routine assay type of operation than the Group I 
shales. In this case the oil-shale samples were run by NMR before, during, or after the Fischer 
assay of the same samples. Thus the reported Fischer assay o i l  yields were not known prior to 
making the NMR measurements. Thirty-six samples were processed at any given t ime by the NMR 
method. When Fischer assay data became available, linear regression analyses were made on the 
FID measurements and reported o i l  yields. The results for each run are shown on table 3. The 
poorer index of determination for run 1 was due to improper tuning of the pulsed spectrometer, and 
in  subsequent runs this problem was remedied as evidenced by the better correlations i n  runs 2-9. 
These dota also indicate that day-to-day tuning of the pulsed Spectrometer on a standard sample 
can be accomplished readily and with good reliability. 

, 

TABLE 3. - Indexes of determination for the Dulsed NMR ossav method 

rz 
~ 

Run (Index of determination) 

1 0.78 
2 .91 
3 .96 
4 .94 
5 .93 
6 .97 
7 .96 

.98 

.92 
8 
9- 1/ 

1/ This run totaled 12 samples; a l l  other runs contained 36 samples each. - 
The 36 samples of run 3 were chosen as "standards" to determine how well the pulsed NMR 

measurements could predict o i l  yields for the remaining samples. The correlation between the 
measured and calculated o i l  yields i s  shown on figure 4. Again a good correlation was obtained 
between the predicted and measured o i l  yields. The data for the 36 samples i n  run 1 were not 
included in  the correlation on figure 4. It shauld be emphasized that the correlations on figures 
3 and 4 assume complete reliabil i ty in the Fischer assay. No uncertuinties i n  the Fischer assay 
dota were incorporated in  our regression analyses, although the data on table 2 show that the 
Fischer assay method i s  subject t o  errors. This could account far some of the scatter i n  figures 3 
and 4. Another reason for the scatter in these figures i s  probably due to sample size and sampling 
procedures. The indices of determination, however, indicate that our sampling procedures tended 
to give NMR samples representative of the total samples. 
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Time Savings 

Thus far, data have been presented to show that pulsed NMR measurements can be used to 
predict potential o i l  yields of oil shales. We have not stressed an important advantage of the 
pulsed NMR assay method over the Fischer assay method--namely, the savings i n  time offered by 
the NMR method. To obtain a gallon-of-oil-per-ton-of-shale figure by the Fischer assay method 
for a single sample averages out to about 100 min per sample. This results from the number of 
measurements required by the Fischer assay method. Here one must weigh the sample retorts and 
collectors, retort the sample (60 min), reweigh the retorts and collectors, centrifuge (10 min) and 
measure the volume of o i l  and water produced, and finally determine the specific grovity (30 min) 
of the shale oil. In al l  these steps, there i s  chance for error, particularly when different people 
are doing the assays. The NMR measurements can be obtained directly in  gallons-of-oil-per-ton- 
of-shale units with a suitable calibration line. To obtain an oi l  yield by NMR requires about 2 
min per sample, including the time spent i n  riff l ing and weighing the sample. In the NMR method, 
a simple voltage measurement i s  made, ond i f  coupled to a programmable calculator or minicom- 
puter, an instantaneous assay can be obtained. Thus a factor of 50 i n  rapidity of assay i s  easily 
obtainable with NMR methods over the conventional Fischer assay. 

CONCLUSIONS 

The free induction decay amplitude measured on oil-shale samples by pulsed NMR linear- 
ly correlates with Fischer assay o i l  yields. This has been shown from analyses of 405 samples from 
two different oil-shale cores. In cores for which adsorbed water may be an important contributor 
to the NMR signal, i t  was necessary to make two NMR measurements of the free induction decay 
amplitude to correct for these interferences. 

ACKNOWLEDGMENTS 

The work upon which this report i s  based was done under a cooperative agreement between 
the breau of Mines, U.S. Department of the Interior, and the University of Wyoming. 

Reference to specific equipment does not imply endorsement by the b e a u  of Mines. 

REFERENCES 

1. Decora, A. W., F. R. McDonald, and G. L. Cook. Using Broad-Line Nuclear Magnetic 
Resonance Spectrometry to Estimote Potential O i l  Yields of Oil Shales. BuMines R I  7523, 
1971, 30 pp. 

2 .  Farrar, J. C., and E. D. Becker. Pulse and Fourier Transform NMR. Academic Press, 
New York, N. Y., 1971, p. 21. 

Y 

I 

I 



92 

,/ 

TlUE AFTER PULSE. y w c  

FIGURE P.-Effecls of Drying O i l  Shale Samples on F r e e  
Induction D e c o y .  
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FIGURE 3.-Mtosured Oil Yields VI. Colcuioted Oi l  Ylsldr. 
Group I .  

Fl6URE 4.-Y#arured Oil Yields VI. Calculalrd Oil Y i d d s ,  
Group II. 
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THE EFFECTS LF BICLEACHING bh GREEN RIVER LIL SHALE 

W. C. Meyer and T. Fi Yen 
Departments of Geological Sciences 

and Chemical Engineering 

Los Ange les , California 90007 University of Southern California, University Park 

INTRUDUCTICN 

Bioleaching, utilizing a sulfuric acid medium generated by the sulfur 
oxidizing capabilities of Thio- spp. has prwed to be useful in re- 
leasing hydrocarbons from petroliferous rocks from the Mahogany Ledge of the 
Green River formation. As yet, however, these methods do not yield a high 
percentage of the kerogen trapped within the rock. The purpose of this 
paper is to investigate the texture and mineralogy of the Green River shale 
to ascertain the nature of kerogen entrapment and the physical effects of 
bioleaching. Such an understanding should ease the development of a 
method to increase the effectiveness of bioleaching in releasing kerogens 
for commercia 1 extraction. 

Shale DescriDtion 

The Green River shale is a highly indurated, fine-grained, varved, 
calcareous sedimentary rock deposited in the Eocene fresh-water lake Gosuite. 
The rock varies in color from tan to black, depending on organic content. 
Rock of this type is technically a marl, but in this paper it will be called 
shale in convention with comon usage. 

Varves in the Green River shale consist of carbonate summer laminae, 
and fine grained winter laminae composed of clay and organic components. 
Thin sections of the shale show distinct banding of dark components enclosed 
in a light colored matrix composed of polymineralogic crystal aggregates, 
and small single crystals that, when large enough to identify, are pre- 
dominantly dolomite. This crystalline matrix superimposes a granular texture 
Over the entire rock. 

Small blob-like aggregates (%OH) which string out to form the dark winter 
laminae. 
bands to narrow opaque strings, but are always parallel to the varved 
textural grain. 
S m a l l  matrix crystals and a few relatively coarse possibly detrital grains, 
with little evidence of clays or organics. The clays and visible organics 
are intimately associated, either because they were deposited simultaneously, 
or have become linked by processes of chem-adsorption. It would seem 
reasonable that the first step in liberating adsorbed or mechanically 
trapped kerogens would be the disaggregation of the crystalline matrix to 
release clays. 

Clays and associated (adsorbed) organics appear to be localized in 

These organo-clay concentrations vary from diffuse dark brown 

Light colored bands appear to be composed entirely of 

MINERAL CGMPOSITION 

X-ray Methods 

All x-ray analyses were made using a Norelco diffractometer using 
CuKeradiation with a nickel filter, 0.006 inch slit at 40 kv and 20 MA. 
The optimum rate was found to be 1000 cps at 102Q/min. 
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Disordered powder mounts w e r e  used f o r  whole-rock mine ra l  ana lyses .  

Separa te  prepara t ions  were made f o r  ana lys i s  of c l a y  mineralogy, using t h e  
method devised by Jackson ( 5 ) .  The indurated na tu re  of t h e  s h a l e  made 
complete d isaggrega t ion  impossible ,  but d iges t ion  of 50 gms of crushed 
sha le  i n  warm sodium-acetate so lu t ion  ( p a r t  of Jackson 's  method) re leased  
enough carbonate- f ree  c l a y  t o  analyze wi th  no d i f f i c u l t y .  

according t o  the  method proposed by Carro l  ( 3 )  t o  promote s h i f t s  i n  posi-  
t i o n  of d i agnos t i c  x-ray peaks. This  t rea tment  inc ludes  d i s s i c a t i o n ,  
g lyco la t ion ,  and hea t ing  t o  350% and 550OC respec t ive ly .  

I n  order  t o  sepa ra t e  d i f f e r e n t  c l ay  species, c l a y  mounts w e r e  t r e a t e d  

dhole  Rock 

\ 
/ 

I 

I 

V 

Whole-rock minera l  content  can be. divided i n t o  major and minor 
cons t i ruen t s  based on r e l a t i v e  peak i n t e n s i t i e s  (Table  I). The s h a l e  
conta ins  too  many mineral  spec ies  t o  b e  e a s i l y  matched hy add i t ion  of 
necessary comparative i n t e r n a l  s tandard ,  t h e r e f o r e  q u a n t i t a t i v e  determina- 
t i o n  of minera l  abundance w e r e  not  made. 

TABLE I 

Whole Rock h i n e r a l m  

Pia i or; 

Quar t z  S ic2  
Do lomi t e  
C a l c i t e  CaCb3 

Plinor 

C&:g ( CL 3 2 

Ana l c i  t e  haiilSi2b H L 
Montmori 1 l o n i  t e  
Lrthoc l a s e  KAlSi L~ 
Plagioc lase  ka(Ca3i 10-2bi2-3L8 
P y r i t e  FeS2 

A l4 ( S i4L1 0 2 f OH ) 4  

P a e r a l o m  

Quartz and dolomite  w e r e  found t o  be the  predominant minerals  i n  these  
samples. C a l c i t e  i s  a l s o  p re sen t ,  Frobably r ep resen t ing  r e s i d u a l  primary 
carbonate  t h a t  has  not  undergone d iagenes is .  Dolomite and c a l c i t e  appear 
t o  form t he  granular  matr ix  observed i n  t h i n  sec t ion .  Fe ldspar ,  inc luding  
a l b i t e  r i c h  p l ag ioc la se  and or thoc lase ,  occur p r imar i ly  a s  d e t r i t a l  g ra ins  
making up p a r t  of t he  primary sediment depos i t .  P y r i t e  probably formed i n  
t h e  sediment before  o r  during l i t h i f i c a t i o n  when o rgan ic - r i ch  bottom sed i -  
ments provided t h e  reducing environment favorable  t o  formation of t h i s  
minera 1. 

Analc i te ,  abundant here  and i n  some o the r  members of t h e  Green River 
formation,  i s  thought t o  have formed au th igen ica l ly  s h o r t l y  a f t e r  deposi-  
t i o n  of t h e  primary sediment ( I ) .  
c l a s e  content  of t he  sha le  may have been formed by r e a c t i o n  of a n a l c i t e  
and qua r t z  (2 ) .  The temperature requi red  f o r  t h i s  conversion i s  about 
190qC, somewhat h ighe r  than  would be expected i n  these  d e p o s i t s ,  but i n  t h e  
presence of concentrated b r ine ,  conversion temperature  would b e  lowered ( 1 ) .  

To see what e f f e c t  bioleaching has on mineralogy, t h e  x- ray  pa t t e rn  
of raw sha le  was compared t o  t h a t  of a sample t h a t  had undergone a 38.4% 
weight loss dur ing  bioleaching.  The mineral  composition of both samples 

It  i s  poss ib le  t h a t  some of t he  p lag io-  

P 
1 G 

b 
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a r e  i d e n t i c a l ,  however, peak i n t e n s i t i e s  of carbonate minerals  a r e  s t rongly  
reduced suggest ing t h e y  have been dissolved and p a r t i a l l y  removed. Peak 
s i z e  i s  not  l i n e a r l y  r e l a t e d  t o  t h e  amount of mineral  p resent ,  so quant i -  

h e i g h t s .  
t a t i v e  indura t ion  of carbonate  removal i s  not  ind ica ted  by comparing peak i 

To quant i fy  t h e  amount of carbonate  removed by b io leaching ,  whole- 
rock weight percentages of organic  carbon, carbonate  ion , and mineral  
carbonate  were determined on d u p l i c a t e  one-half gram samples (270  mesh) 
using t h e  Leco gasometric a n a l y s e r  (6) .  
uses  a cons tan t  (8 .33)  der ived  from t h e  r e l a t i v e  weight of calcium a t  
carbonate  ion i n  c a l c i t e .  S ince  it was not  poss ib le  t o  q u a n t i t a t i v e l y  
e v a l u a t e  t h e  r a t i o  of c a l c i t e  t o  dolomite i n  t h e  mineral  carbonate  f r a c -  
t i o n ,  t h e  c a l c i t e  cons tan t  was used f o r  c a l c u l a t i o n s .  This  causes  t h e  
c a l c u l a t e d  weight percentages of mineral  carbonate  t o  be s l i g h t l y  l i g h t e r  
t h a n  a c t u a l  values .  Organic carbon was s u f f i c i e n t l y  abundant t o  neces- 
s i t a t e  halving t h e  normal s a m p l e  weight (0.25 g) f o r  a n a l y s i s .  

proved t o  be about 33% mineral  carbonate by weight,  and 10% carbon con- 
t a i n e d  i n  organic compounds. Assuming an average hydrocarbon chain i s  
c 1 6  i n  t h e  Green River  m a t e r i a l ,  t h e  added hydrogen would br ing t h e  t o t a l  
weight of organic c o n s t i t u e n t s  t o  approximately 11%. 

To a s c e r t a i n  i.f b io leaching  is  removing t h e  a v a i l a b l e  carbonate , 
samples of crushed (16  mesh) bioleached m a t e r i a l  were analysed f o r  re- 
s i d u a l  carbonate.  The sample used f o r  t h i s  experiment had l o s t  36.5% of 
i t s  weight during leaching,  and it was found t o  have approximately 2.3% 
r e s i d u a l  mineral  carbonate  i n d i c a t i n g  t h a t  bioleaching is  q u i t e  e f f e c t i v e .  

Calcu la t ion  of mineral  carbonate  

! 

Carbon and carbonate  d a t a  a r e  expressed a s  weight percent .  Raw s h a l e  

1 

G w !  
A peak at 18.8 h i n  t h e  c l a y  and whole-rock mounts suggest mont- 

m o r i l l o n i t e ,  repor ted  from Green River  samples by previous i n v e s t i g a t o r s  
( I ) ,  i s  t h e  dominant c l a y  group i n  t h e  s tudied samples. 
a t  somewhat higher  angstrom values  than i s  normal f o r  montmori l loni te ,  btlt 
t h e  presence of abund2r.t organics  o f t e n  causes abberat ion i n  x-ray pa t tem-s ,  
expla in ing  t h e  observed s h i f t  ( 7 ) .  

This peak OCCUTS 

Montmoril lonite i s  a poorly c r y s t e l l i z e d  mineral  and i s  o f t e n  not 
d e t e c t a b l e  by x- ray  unless  present  i n  excess of  15% of t h e  sample ( 3 ) .  
The presence of a montmori l loni te  peak i n  t h e  whole-rock p a t t e r n  sugges ts ,  
t h e r e f o r e ,  t h i s  minera l  may be present  i n  s i g n i f i c a n t  q u a n t i t i e s .  blater 
i s  r e a d i l y  absorbed i n t o  the montmori l loni te  s t r u c t u r e  causing swel l ing.  
I f  t h e  quar tz  and dolomite are removed from t h e  s h a l e ,  t h e  expansive 
f o r c e s  of swel l ing montmori l loni te  may be u s e f u l  i n  disaggregat ion of t h e  
r e s i d u a l  f r a c t i o n .  

' 

I l l i t e  is t h e  second abundant c l a y  mineral ,  and may r e p r e s e n t  p r i -  
mary c l a y s ,  degraded mica, o r  potassium enriched primary c lays  of o t h e r  
s p e c i e s .  
s p e c i e s  w i l l  a l t e r  t o  montmori l loni te ,  i l l i t e ,  o r  c h l o r i t e .  The age of 
t h e  Green River formation (Eocene) would be more than s u f f i c i e n t  f o r  a l t e r a -  
t i o n  of primary c l a y s .  

I t  i s  not  poss ib le  t o  a c c u r a t e l y  determine what percent  of t h e  s h a l e  
i s  c l a y  without d a t a  on t h e  whole-rock d i s t r i b u t i o n  of e lemental  oxides.  
A process  of e l i m i n a t i o n  by comparison with mineralogy would r e v e a l  how 
much of these  e l e m e n t s  a r e  contained i n  c l a y s ,  but a s  y e t  t h e  appropr ia te  

Garrels and Nackenzie ( 4 )  show t h a t ,  through t i m e ,  most c lay  

I 
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ana lyses  have n o r  heen performed. 

VISIBLE LFFECT5 CF B I c  LEJLHING 

ScanRing e l e c t r o n  nicrographs were taken of s h a l e  sanples  t r e a t e d  
/ 

f o r  var ious  periods of time t o  see  t h e  e f f e c t s  of b io leaching .  samples 
w e r e  cu t  t o  convenient s i z e  2nd polished t o  a f l a t  su r f ace  t r i th  -6PO g r i t  

and unleached f r ac tu red  rock su r face  (F ig .  2 )  \rere photographed t o  a s -  
cer ta in  if any m a t e r i a l  was being removed by c r y s t a l  plucking dur ing  
po l i sh ing .  l e i t h e r  c o n t r o l  showed evidence of p i t t i n g  due t o  mechanicel 
processes ,  s o  it seems s a f e  t o  conclude t h a t  p i t t i n g  observed i n  t r e a t e d  
samples i s  due t o  chemical ac t ion .  

I 

1 p r i o r  to treatment.  Control semples of polished unleached s h a l e  (Fig. l ) ,  

r 

Shale bioleached f o r  two days shows a p i t t e d ,  sponzy-zDpearing su r -  
f ace  t e x t w e  caused by so lu t ior !  of minera l  m a t e r i a l  (F ig .  3). Eioleach- 
ing  f o r  one week caused no apparent  i nc rease  i n  t h e  number of p i t s  per 
u n i t  a r e a ,  but an inc rease  i n  p i t  s i z e  was noted. Two weeks exposure t o  
b io leaching  medium seemed t o  f u r t h e r  . increase  p i t  s i z e  but d id  no t  r e -  
s u l t  i n  formation of a d d i t i o n a l  p i t s  (big. 4 ) .  

I n  order  t o  quan t i fy  the e f f e c t s  of b io leaching ,  photomicrographs of 
shale samples bioleached f o r  varying t ime (Figs.  1-4) were used t o  count 
and measure the c ross  s e c t i o n a l  dimensions of s o l u t i o n  p i t s  as an  ind ica-  
t i o n  of t h e  amount of n a t e r i a l  removed by so lu t ion .  Th i s  d a t a  shows 
tha t  so lu t ion  p i t s  form r a p i d l y  a f t e r  exposure t o  the leaching  medium. 
The number of p i t s  on each sample ranged from 29 t o  33 independent of 
t i m e .  Average p i t  s i z e  ( ca l cu la t ed  a s  su r face  a rea  us ing  t h e  two maxi- 
mum diameters f o r  each p i t )  d id  va ry  d i r e c t l y  crith t i m e ,  i nc reas ing  from 
a m i n i m u m  of 24.8 )$ a f t e r  t6 .70  days ,  t o  a maximum of 54.3 ~ 4 2  a f t e r  two 
weeks, i n d i c a t i n z  t h a t  the  volume of carbonate removed i s  a f r a c t i o n  of 
t i m e  exposed t o  t h e  b io leaching  medium.  

p a i r  i f  they  a r e  taken a t  s l i g h t l y  d i f f e r e n t  tilt angles .  [ ,s ing an 
equat ion  modified from t h a t  delvised for i n t e r p r e t a t i o n  of a e r i a l  photo- 
graphs ,  t hese  photo-raphs c8n 'vie used t o  determine n i t . d e p t h .  
average t h e  p i t  depth i s  i n  the o rde r  of 2.2 H (Fig+ 5 j .  

The s h e l f - l i k e  f a l s e  bottom, and t h e  m a l l  pene t r a t ion  of t h e  t r u e  bot- 
tom i n d i c a t e  t h a t  continued s o l u t i o n  !?auld r e s u l t  i n  f a r t h e r  deepening. 
T h i s  f a c t ,  coupled wi th  t h e  absent l a t e r a l  enlargement w i t h  t i m e  should 
r e s u l t  i n  n e u t r a l  a i d  l a t e ra l  in te rconnec t ion  of s o l u b l e  s i tes  causing 
an  inc rease  i n  po ros i ty  and pcrmeahi l i ty .  T h i s  T r i l l  prove t o  be an 
important mechanism t o  f a c F l i t a t e  exposcre of f r e s h  s u r f a c e  t o  the leach- 
i n g  medium and form condc.cts f o r  t h e  migration of l i b e r a t e d  hydrocarhons. 

Pa i red  microphotographs of t h e  same a r e a  can be used as a s t e reo -  

t.n an  

The i r r e g u l a r  bottom of t h i s  p i t  i s  a t y p i c a l  e f f e c t  of so lu t ion .  

CI. i.CL"Siq ,:3 

Kerozens i n  t h e  Green i 5 v e r  s h a l e  are trapped i n  an inorganic  
minera l  matrix cor,?osed p r imar i ly  of qua r t z  and dolomite ( c a l c i t e ) .  
L ibera t ion  of hydrocar!.:ons !?ill depend Li.pon t h e  degree t o  which t h i s  
mat r ix  can. i:e disFygregated, exp0sir.g kerooen f o r  e x t r a c t i o n .  Thin 
s e c t i o n s  show organic  components T:ithi3 th?s rock are  a s soc ia t ed  i r i th  t h e  
c l a y  f r a c t i o n ,  possi!-ly throcgh a process of cheTica l  adsorp t ion .  Ex- 
pansive p rope r t i e s  of nontmorilLonite,  t h e  doninant c l a y  component, may 
be use fu l  i n  f i n a l  d i saggrega t ion  of t h e  s h a l e  a f t e r  removal of minera l  
mat r ix .  
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dio leaching  e f f e c t i v e l y  removes carbonate  minerals  from t h e  sha le  
e l imina t ing  matr ix  material, and thereby developing po ros i ty  and perme- 
a b i l i t y  which a r e  e f f e c t i v e l y  n i l  f o r  un t r ea t ed  sha le .  This  br ings more- 
rock su r face  i n  contac t  wi th  the leaching m e d i u m ,  i nc reas ing  so lu t ion  of 
mat r ix  and en larg ing  pa thmys  f o r  migrat ion of l i b e r a t e d  hydrocarbons. 
Carbonate removal dur ing  b io leaching  proceeds r a p i d l y  upon exposure t o  
t h e  leaching medium, anr' continc-es as a func t ion  of t i m e .  
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INVESTIGATIONS OF THE HYDROCARBON STRUCTURE OF KEaOGEh' FROM 
OIL SHALE OF Tm CiiEEN RIV!LR FORMATION 

I 

J.J. SchmidtCollerua .nd C.H. FTien 
University o f  Denver 

Denver Research Institute 
Denver, Colorado 80210 

J. IlrTRoDUCTION 

Colorado O i l  Shale of the Green River Formation contains about 
1 6  per cent insoluble organic matter,  the so-called "kerogen." This 
represents about 80 per cent of the t o t a l  organic matter present. The 
remaining 20 per cent soluble organic matter represents the "soluble 
bitumen." 

The problem of t he  nature and cons t i tu t ion  of both "kerogen" and 
soluble bitumen and t h e i r  relationship t o  each o ther  i s  of considerable 
in t e re s t  both with respect t o  the question of the o r ig in ,  genesis and 
geochemistry of o i l  sha le  and the problem o f  degradation mechanisms 
during pyrolysis.  

conducted a t  the  Center for  Fundamental O i l  Shale Research of the  
University of Denver. Among several  approaches fo r  the s t ruc tu ra l  
elucidation of  o i l  sha le  kerogen investigated t o  da t e ,  the MPGM-method 
developed at the Center proved most e f fec t ive .  

spectrometry it could be shown that "kerogen" cons is t s  of a three-dimensional 
organic matrix of high molecular weight. 
matrix i t s e l f  appears t o  consist  of polycyclic "protokerogen" subunits o r  
nuc le i  (of t e t r a l i n ,  terpenoid, phenanthrenoid and steroid type s t ruc ture)  
interconnected by long chain alkanes and isoprenoids t o  form the three- 
dimensional network of the  kerogen matrix. Studies on synthetic model 
compounds of the "protokerogen" type support t h i s  concept. 

contains a subs t an t i a l  amount of entrapped long chain alkanes,  normal and 
branched f a t t y  ac ids  and other uncondensed "protokerogen" subunits not 
removed by the normal ext rac t ion  process. The presence of these compounds, 
which appear to have been overlooked, may considerably influence the r e su l t s  
of s t ruc tu ra l  inves t iga t ions  reported i n  the  l i t e r a t u r e .  

River O i l  Shale contains a t  l ea s t  two major types of kerogen: alpha-kerogen 
and beta-kerogen. 

macropyrolysis, chemical cleavage and by the  MFGM-method used i n  conjunction 
w i t h  reaction chromatography are  described. 
between kerogen s t ruc tu re ,  the soluble bitumen and the biogenesis and 
geochemical o r ig in  of  o i l  shale a re  discussed. 

"Head, Chemistry Section, Chemical Division, Denver Research I n s t i t u t e  

*%ead, Chemical Div is ion ,  Denver Research I n s t i t u t e  and Professor of 

The paper d iscusses  investigations on the  s t ruc ture  o f  kerogen 

By using the  combination of micro-pyrochromatography and mass 

The hydrocarbon portion of the  

However, the matrix of "kerogen" i n  the conventional term a l so  

Morphological and physicochemical s tud ies  a l so  ind ica te  tha t  Green 

These are probably of d i f f e ren t  origins.  

The chemical s t ruc tu re  of the protokerogen subunits ident i f ied  by 
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11. MATERIALS AND METHODS 

A. O i l  &le Samples. 

Samples were taken from f resh ly  mined raw sha le  of the  Green River Formation 
which were par t  of a 100 ton l o t  from the underground room-and-pillar mine of t h e  
Colony Development Corporation i n  the Eas t  Middle Fork of the  Parachute Creek i n  
Colorado. The material  was crushed to - 1/4 inch s i z e  and riffled.Samples used for 
the  extrection, separation and ana lys i s  experiments were ground to -100 mesh. 

B. %trac t ion  of Soluble Bitumen. 

The ground r a w  sha le  was exhausively extracted by percolation a t  5OoC w i t h  a number 

followed by treatement with ace t i c  ac id  t o  remove inorganic cabonatea and l i b e r a t e  
of organic solvents with successively increasing polar i ty  over severa l  weeks. This 

any weaker acids present. The acid leached material  was again exhaustively extracted 
with the  same solvent sequence. 

C. Concentration of Kerogen. 

1. Density gradient separation and 2. Chemical Separation by A d d  Leaching. The density 
grad ien t  method yielded a kerogen concentrate with about 3 percent ash content. However, 
the y ie ld  was r a the r  low. The acid leaching method gave a concentrate with about 12 percent 
ash content. This material  was used durin moat of the preliminary investigations.  

D. Analytical  Methods. 

Two methods were used for the separation of kerogen from the inorganla matr ix :  

A number of d i f f e r e n t  approaches were investigated for t he  degradation of kerogen to 
l a rge r  but t ractable  and identifyable fragments. Among these the most promissing one 
was a combination of micro-pyrolysis with pyrochromatography and maas spectrometry, 
deeignated a s  the MF'GM method. A schematic out l ine  of this method is shown i n  Figure 1. 

was used successfully for the aeparation and iden t i f i ca t ion  of predominantly primary 
pyrolysis fragments. Such fragments can be i den t i f i ed  and y i e l d  usefull information 
for the  evaluation of the st ructure  of kerogen subunits and t h a t  of kerogen i t s e l f .  

This controlled pyrolysis method combined w i t h  reaction chromatograpw'and mass spectrometry 

111. PFCOCEDUZ 

A modifiednFischer Technik" Induction Mor0 Pyrolysis instrument was used. This u n i t  
could be operated e i t h e r  
cons is t ing  of a Beckman Cc-r, u n i t  and a AEI M e 1  US 12 mass spectrometer. The kerogen 
concentrate was applied t o  the pyrolysis needles i n  the f o m o f  a very thin coating. 
The needle was paced in to  a micro pyrolysis chamber equipped with a in j ec t ion  eyringe 
t i p  which was inserted i n to  the in jec t ion  por t  of the GC Instrument or into a micro- 
condenser unit. After ign i t ion  the v o l a t i l e  mater ia l  m e  analyzed d i r e c t l y  by the CC-MS 
un i t  or collected in the condenser for preseparation of major f rac t ions .  To obtain 
suf f ic ien t  material for the l a t t e r  procedures e.g. GFC or micro column chromatography, 
up t o  200 ind i t idua l  pyrolysis reactions had t o  be car r ied  out. The prefractionation 
scheme used is shown i n  Figure 2. Some of these f r ac t ions  ( i n  pa r t i cu la r  the neutral  
hydrocarbon fract ions ) were subsequently analyzed by t he  GC-S method. 

Similar pyrolytic fragmentation experiments were carr ied out  in conjunction w i t h  
reac t ion  chromatography using e i the r  selenium dehydrogenation or hydrogenation reactions.  
In t h i s  way one obtains either aromatized or completely sa tura ted  der iva t ives  of the 
primary pyrolysis fragments; most of them representing "protokerogen' moieties. 

methods allows a bet ter  s t ruc tu ra l  evaluation of the  subunits of t he  hydrocarbon matrix 
of o i l  shale kerogen. 

in conjunction with a condenser u n i t  or vith a GC-Ms unit 

Coparison of thes  der iva t ive  s t ructures  w i t h  the  o r ig ina l  primay fragments using t h i s  

\ 
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The pyrolysis  fragmentation pat ten of major subunits obtained 
the mass s p e c t r a l  fragmentation pa t te rns  of a number of  such subuni ts  could be 
corroborated using i d e n t i c a l  or c lose ly  r e l a t e d  synthe t ic  reference compounds. 

by the MPGM method and 

IV. DISCUSSION 

The results of these s tud ies  car r ied  out  over a periode of several  years l e d  t o  the  

1. Microscopic analysis  and 
following conclusions: 

p a r t i c l e s  ind ica tes  the presence o f  a t  l e a s t  two types of kerogen components i n  the 
oil sha le  of the Green River Formation: The major component ( designated a s  alpha-kerogen ), 
represents  an a l g i n l t e  l i k e  material of  low aromatic content; the second component 
is present  i n  the form of darker  reddish-brown p a r t i c l e s  ( beta-kerogen ) with a much 
higher content  of  aromatic (probably polycondensed) material. The la t ter  represents  
about 5 percent of the  t o t a l  kerogen present. 

micro-spectrophotometric analysis  of i so la ted  "kerogen" 

2. Under control led micropyrolysis alpha-kerogen y ie lds  several  types of subunits: 
a) normal and branched alkanes, 
b) a l k y l  der ivat ives  af  decal ine and t e t r a l i n s ,  ( mostly o-substituted) and 
c )  a l k y l  subst i tuted t r i c y c l i c  terpenoid or phenanthrenoid type der ivat ives .  
In addi t ion there  a r e  present  a smaller number of higher molecular weight ring- 

compounds of probably s t e r o i d  or igin.  
Some of the  

3. From these subunits 

major subuni ts  obtained by the MPOM method are summarized i n  Table I. 

and o thers  obtained by micro-pyrolysis from kerogen one can 
r a t i o n a l i z e  a number of possible  aspects  concerning t h e  s t ruc ture  of alpha-kerogen: 
a )  The hydrocarbon part of the kerogen appears t o  be r e l a t i v e l l y  uniformly s t ructured 

1.e. consis t ing o f  nuc le i  of subunits ( representing 
units], in ter l inked by normal or branched alkane bridges or long chain e t h e r  
bridghes. The major p a r t  o f  the  subuglts cons is t  of alkyl subs t i tu ted  decal ins  
or t e t ra l ins .  A smaller proportion of these subunits m y  cons is t  of r i n g  systems 
containing hetero atoms. 

types of subunits form a threedimensional organic matrix. However there are 
r e w t l n g l y  occurr ing predominant subunits of  two and three-membered ring- 
systems. These have c h a r a c t e r i s t i c  s t r u c t u r a l  fea tures  which may be very 
informative about the or ig in  of the nprotokerogenu subunits. Thus the  kerogen 
of the Green River Formation does not  represent  a mater ia l  of randomly 
connected carbon atoms ( scrambled eggs) but appears to  be st ructured.  

c )  One can make an attempt to  put  the pr incipal  subunits together  and thus a r r i v e  
a t  some reasonable reconstructed o r i g i n a l  structure of t h e  kerogen molecule. 
&om the  s t r u c t u r e  o f  the  subunits obtained it appears t h n t  theywere Inter l inked 
by di-  and t r i - subs t i tu ted  subunits. The s t ruc ture  of  the  hydrocarbon skeleton 
of kerogen could therefore  be visual ized by a generalized s t ruc ture  shown In 
i n  Mgure 3. 

bui l t - in  "protokerogen" 

bi) The bulk of the skeleton is hetero strwural i.e. severa l  hundred d i f f e r e n t  

4. A somewhat anomalous phenomenon observed in iso la ted  kerogen concentrates provided 
addi t iona l  information on the possible  s t ruc ture  of kerogen. Exhoustively extracted 
kerogen stored under ni t rogen f o r  two years, yielded upon re-extraction w i t h  
n-hexane 5-6 percent  o f  material which upon ana lys i s  proved t o  be a mixture of  
normal and branched sa tura ted  hydrocarbons from C10 to C25 . Since the material 
was stored a t  ambient temperature ( 25OC ), it must be assumed t h a t  these hydro- 
carbons have diffused t o  the  surface of  the kerogen p a r t i c l e  from the i n t e r i o r  of 
t h e  kerogen matrix. Subsequent invest igat ions not  o n l y  coroborated t h i s  assumption 
but  also indicated t h a t  i n  addi t ion t o  these hydrocarbons there  are entraped within 
the organic matrix a number of other  res idual  "prorokerogen" components such a s  
normal and branched f a t t y  acids ,  a l j&jc l ic  acids  and/or t h e i r  a lkyl  der ivat ives ,  
c y c l i c  subunits such a s  a l k y l  der iva t ives  of decal ins  and t e t r a l i n s ,  terpenoids etc. 
These compounds can be extracted from the matrix if one "swells" the kerogen 
p a r t i c l e  by treatement w i t h  a lka l ine  alcohol ic  solut ions or by heat. The entraped 
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f a t t y  ac ids  present in the matrix may explain t h e i r  presence i n  the pyrolysate obtained 
under i n e r t  gas e.g. helium. 

5 .  These experiments may indicate  tha t  these compounds may be the res idua l  subunits 
from which the  kerogen was formed by hetero condensation; it can be .#-.:that 
this condensation process is still progressing, although a t  a very slow rate ,  
a s  part of the diagenetic process; however, because of the high v iscos i ty  of the 
s u b t r a t e  and the reduced d i f fu t ion  r a t e  the condensation reac t ion  is strongly reduced. 
Thus a more coniplete s t ruc tu re  of the i so l a t ed  kerogen mater ia l  could be visualized 
a s  shown schematically in Figure 4.  

6. The entraped material  is very s imi l a r  i n  composition t o  t h a t  of the soluble 
*bitumen". The l a t t e r  I s  di f fuse ly  d i s t r ibu ted  i n  the o i l  sha le  between the 
kerogen p a r t i c l e s  and the inorganic mineral matrix. This portion of t h e  organic 
matter i n  the 011 shale  of the Green River Formation may therefore  a l s o  represent 
*protokerogen" containing material  which is a s  y e t  no t  condensed t o  kerogen. 
Since the Green River Formation is  a r e l a t ive ly  young geologic formation i t  my 
explain the presence of the r e l a t ive ly  high percentage ( 20 percent ) of S t i l l  
soluble lower molecular weight compounds in the organic matter of the o i l  ehalr .  
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Table I. 
Principal Fragmentation Products of Kerogen Concentrate 

Identified in 
N o .  Name Formula Fraction 

1 . Aliphatic Hydrocarbons n-CIo to n-C,, 

b-C,, to b-C,, 

8 5 - 7  

1 2 2 - 1  

2 Alicyclic Hydrocarbons 

Cyclohexanes 123-1 
c10-13 H21-27 

Decalina 

c5-8 Hll-17 co 123-1  

3 Hydroaromatic 
Hydrocarbons 

C2-5H5-I l  
Dialkyltetralins 122-1 

123-1 

122-1 ,  

C8-12H17-25 

Hexahydro- 
phenanthrenes 

t 6 H  

4 Dialkylbensenes 123-1 

'8-13 17-27 

5 Dialkylnaphthalenes 123-1 
123-4 

c3-4  H7-9 

6 Alkylphenanthrenes 121-4 

CI-3 H3-7 lZ3-'  
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Figure 3. Generalized*Structure of Kerogen of the,Green River Formation 
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A HEW STRUCTURAL MODEL DF L I L  SHALE KERCICEPi 

T. E. Yen 
Departments of Medicine (Biochemistryj , 

Chemical Engineering, and Environmental Engineering 
University of Southern California 
Los Angeles , California 90007 

Kerogen i e  usually defined as the insoluble fraction of organic COUI- 
ponents of oil shale in contrast to the soluble fraction which is called 
bitumen (1). Structural elucidation of kerogen is difficult due to the 
following : 

(a) 

(bj 

(c) Inhomogeneity due to biogenesis. 

A l l  of these have challenged a number of researchers (3,4,5); so far the 
molecular structure of kerogen remains unsolved. 

phous and mesomorphic carbonaceous organic materials (6). It is possible 
to obtain a number of structural parameters from x-ray diffraction (7). 
The kerogen concentrate of Green River oil shale was obtained from 
iJ. E. Robinson of the Bureau of Mines. The bitumen-free sample was sub- 
jected to the usual acid leaching procedure to remove the carbonate and 
silicate minerals with ca. 10% of the ash content remaining; from the 
elemental analysis, %C is 66.4 and 7X-I is 8.8. 

The powdered sample of kerogen concentrate was packed in an aluminum 
holder and mounted in a goniometer. A tdorelco diffractameter was used to 
measure the intensities ranging from 28 = 8 to 1000. The reduced intensity 
data were  obtained by: 

Adjusting the data for polarization by (1 + cos2 2@)/2i 
Fitting the data to electronic units, A by normalization of 
the amplitude to the region of 0.40 < (sin @ > / A  < 0.50. 

Substrating tabulated values of incoherent scattering, C. 
Dividing each value by the proper value (for isolated carbon 
atoms> of the independent coherent scattering, E. 

This reduced intensity, (A-C)/E of the Green River oil shale kerogen con- 
centrate wer the angular range of (sin @ j / ~  of 0.02 to 0.50 is shown as 
the solid line in Fig. 1. 

The distance of the single peak centers at !sin @ ) / A  = 0.11 A'l definitely 
corresponds to a Y-band (sin @ / A  = 0.10 A- j. There is no perk or 
shoulder of the 002-band at (sin @ > / A  = 0.14 A-1.  
tion alone, it is concluded that there is little or no aromatic carbon 
crkeletons in the kerogen matrix. This is further substantiated by the fact 
that the controlled oxidation-derived products from oil shale contain no 
aromatic protons (8J. The low angle peak in the x-ray graph of Fig. 1 is 
shifted slightly to the high-angle side (fran 0.10 to 0.11 A-1) .  
fact may indicate that in the saturated structure there are somc isolated 
double bonds. 

Kerogen is a large complex molecule belonging to the multipolymer 
class (2). 

The insoluble nature of the kerogen is closely related to the 
non-uniform 3-dimensional gel nature of a giant crosslink net- 
work. 

A method has been developed for the structural elucidation of amor- 

(a) 
(b) 

(c) 
(d) 

The first band in =he low angle region does not appear as a doublet. 

Based on this informa- 

This 

I, 
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Th next two s t rong  bands which center  around ( s i n  @ ) / A  = 0.25 and 

0.42 A'f are general ly ,  c l a s s i f i e d  as  [ l o ]  ar.d [11J r e f l e c t i o n s ,  respec t ive ly .  
These two bands correspond t o  the f i r s t  and second nearest  neirabors  
(2.1 and 1.2 A )  i n  c y c l i c  compounds f o r  both aromatics and naphthenics. 
Since these  f a l l  i n  t h e  2-dimensional r e f l e c t i v e  region,  a number of 
t h e o r e t i c a l  ca lcu la t ions  has been made (9,10,. The simplest  procedure will 
be t h e  p r o f i l e  matching procedure. Prom ca lcu la ted  pa t te rns  of 10 and 
[11) reg ions ,  only t h e  contour  of [I11 of t h e  kerogen f i t s  t h e  sa tura ted-  
r i n g  (naphthenic) from Fig. 1. For example t h e  dash-dotted l i n e  (Fig.  1) 
i s  perhydro-a,g)! -dibenzoperylene and t h e  dash l i n e  (Fig. 1) i s  perhydro- 
anthracene. The m a x i m a  of both pa t te rns  check q u i t e  w e l l  wi th  t h e  maximum 
of t h e  p a t t e r n  of kerogen. If t h e r e  is  an aromatic-ring s t r u c t u r e  i n  
kerogen, it is a n t i c i p a t e d  t o  have a 2 o r  3 u n i t - s h i f t  i n  s i n  @ / A  
high angle region. An example i s  provided by t h e  dot ted l i n e  (Fig. 1 )  
which corresponds t o  a polycycl ic  aromatic compound, anthracene. It  i s  
evident  t h a t  the pa t te rn  of aromatic conpounds does not match t h a t  of the  
o i l  sha le  kerogen. 

Another important f e a t u r e  f o r  these  2-dimensional pa t te rns  i s  t h e  
bandwidth. As the  r i n g  number increases ,  usua l ly  t h e  bandwidth decreases (6) .  
The p r o f i l e  f o r  both [ l O J  and [111 bands of t h e  kerogen do indeed cor-  
respond t o  a 3-r ing naphthenic (dash l i n e ,  iXg.. 1 )  b e t t e r  than a 7-ring 
naphthenic (daskdot ted l i n e ,  Fig.1). I n  this instancematching should be 
emphasized on the  band shape (x-axis l ,  not on t h e  v e r t i c a l  y-direct ion 
s i n c e  t h e  i n t e n s i t i e s  a r e  r e l a t i v e .  Fron t h i s  alone it is plaus ib le  t o  
conclude t h a t  the s a t u r a t e d  c l u s t e r s  within o i l  sha le  kerogen a r e  small, 
i n  t h e  3-4-ring range. 

I n  t h e  Y - and 002-band region we have so f a r  f a i l e d  t o  loca te  t h e  
sharp  doublet  of (110] and 
wax-like long chain alkane-containing compounds (111. Usually these two 
peaks, 4.15 and 3.74 A ,  occur c lose  t o  the  
l ike-containing mater ia l s .  These c r y s t a l l i n e  r e f l e c t i o n s  are i n  a l l  pure 
long chain paraff ins .  
f r e e  end o r  f l e x i b l e  long-chain polymethylene i n  t h e  kerogen of Green 
River  o i l  s ale .  This i s  supported by t h e  f a c t  t h a t  we have not  observed 
any 725 cm-? band which i s  so c h a r a c t e r i s t i c  of t h e  -(Cy ' , (n  > 4 )  
structure i n  our i n f r a r e d  work, even a t  a lower tempera&. However one 
cannot r u l e  out t h e  p o s s i b i l i t y  of cozdensed o r  i s o l a t e d  cycloparaff in  
i n  which t h e  f l e x i b i l i t y  has been inh ib i ted .  

F i n a l l y  the mul t ip le  weak peaks between t h e  ( s i n  Q / A  = 0.28-0.35 A-1 
range i n  Fig. 1 of t h e  kerogen could suggest t h e  presence of diamond-like 
c r o s s l i n k  s t ruc tures .  One such example is t h e  [lo21 band of hexagonal 
diamond c r y s t a l l i t e .  Lf course,  there  are a l s o  p o s s i b i l i t i e s  of o ther  
contaminations. 

t o  t h e  

200 bands, a s  these  are prerequis i tes  f o r  

Y-bond i n  polymethylene chain- 

The absence of these  two bands suggests t h e r e  i s  no 

To summarize, t h e  present  x-ray d i f f r a c t i o n  method s t rongly supports 

( a )  There is l i t t l e  or n i l  aromatic carbon skeleton i n  kerogen. 
Aromaticity f o r  t h i s  kerogen approaches zero.  
t h e  Presence of i s o l a t e d  double bonded carbon s t r u c t u r e ( 1 2 ) .  

(bl  The bulk of the carbon s t r u c t u r e  i s  naphthenic containing 3-4 

t h e  following f o r  Green River  o i l  sha le  kerogen: 

There i s  a p o s s i b i l i t y  of 

r i n g s .  
c y c l i c  atoms and short-chain bridges.  

s t r u c t u r e s  i n  t h i s  kerogen. 
presence of the c ross l ink  s t r u c t u r e  of e l a t e r i t e  ( 2J  which could be con- 
!!eosed polycycloparaffin.  

I t  is possible  t h a t  t h e s e  a r e  c l u s t e r s  and are linked by he tero-  

( c /  There is  no free-end and f l e x i b l e  long-chain l i n e a r  polymethylene 
T h i s  does not r u l e  out  t h e  p o s s i b i l i t y  of t h e  

Such a s t r u c t u r e  could be foreseen a s  poly- 

1 

I 

,1 
' I  
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nuntme-like (1). since alkyl adarnantanes are easily converted by Lewis 
acid f r m  a great numbem-of p-sors including steroids and terpenoids. 

(dj The C/O atomic ratio of kerogen is 18. The distribution of 
oxygen functional groups in this kerogen is predominantly of ether type 
5%) and ester type (25%)(13). 
b) is anticipated to be largely oxygen. 

The crosslink sites of the structure of 

(e) The age of the Eocene formation of Green River oil shale kerogen 
is considered to be youthful (18). The diagenesis is expected to be still 
in progrerr. Actually the difference of bitumen versus kerogen is of 
dogre-, not of kind. The analogy is similar to the difference between 
arphaltenes and the insoluble carbenes and carboids in source rocks. In 
this sense the structure of kerogen can be reflected from the structure 
of bitumens. 

(f) 

2 

The structure of kerogen is a multi-polymer consisting of 
monomers which are the molecules so far identified from bitumen. These 
moleculer in bitumen a r e  steranes, triterpanes and isoprenoids, such as 
squalene, lycopene, cyclic carotenoids of C40 (15,, etc. The monomers 
also can be inferred as the mild oxidation products when the kerogen is 
8ubjected to oxidation by aqueous permanganate ( 8). In this instance 
the products are mono- and di-carboxylic acid homologs. 

secondary and tertiary bonding as well. The inter- and intramolecular 
hydrogen bondings as well as the charge-transfer bonding plays an important 
role. Molecular entrapment of which the molecula force is in the van 
der Waals range, become important. This is especially true since the 
nature of kerogen is camparable to a molecular sieve and can retain small 
molecules prerent in bitumens. . 

( 8 )  There is as anticipated, not only the primary bonding but 

In conclusion, a hypothetical structural model is proposed to rum- 
arrrize the above statement (Fig. 2). 
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POLYCONDENSED AROMATIC CONPOUNDS (PCA) AND CARCINOGENS-IN THE SHALE ASH 
OF CARBONACEOUS SPENT SHALE FROM RETORTING OF OIL SHALE OF THE GREEN 

RIVER FORMATION 

J. J. Schmidt-Collerus, Francis Bonomo, and C.  H .  Pr ien  

Denver, Colorado 80210 
University of Denver, Denver Research I n s t i t u t e  

1. p(TpEmIAL OF A COMMERCIAL.0IL SEIALE INDUSTRY 

I N  THE U.S.A. 

Although the re  a re  la rge  o i l  sha le  depos i t s  ou ts ide  of the  

United S ta t e s  (e.g. Manchuria, IISSR, a r a z i l ,  e t c . ) ,  the United S t a t e s  

conta ins  some of the  l a r g e s t  depos i t s  of o i l  sha l e  considered t o  be 

most promising fo r  p o t e n t i a l  o i l  sha l e  production. 

depos i t s ,  those found in  Colorado, Utah and Wyoming ( represent ing  

o i l  sha l e  of the  Green River Formation) a r e  known t o  be the  r i c h e s t  

ones i n  t h e  na t ion  and a r e  contained predominantly i n  t h r e e  la rge  

basins:  The Piceance Creed Basin in Colorado, the  Uintah Basin in 

Utah and the  Green River Basin Ln Wyoming. 

depos i t s  a r e  considered t o  be the r i c h e s t  i n  high grade o i l  sha le .  

Among the  U.S. 

Among these  t h e  Colorado 

The o i l  sha le  depos i t s  occur beneath 25,000 square m i l e s  o f  land 

of which 17,000 square m i l e s  (11 mi l l ion  acres )  a r e  believed t o  conta in  

oil sha le  of p o t e n t i a l  "commercial" value. The Green River Formation 

depos i t s  include high grade sha les  (averaging 25 o r  more ga l lons  of 

oil per  ton of rock) represent ing  about 600 b i l l i o n  ba r re l s  of o i l  and 

an  add i t iona l  1 ,200 b i l l i o n  bar re l s  i n  places of low grade o i l  sha les  

(with an average y ie ld  of 15-20 ga l lons  p e r  ton) .  The t o t a l  in -p lace  

reserves of equivalent sha le  o i l  in t he  Green River Formation is estimated 

t c  amount t o  more than three  t r i l l i o n  bar re l s .  

I n  add i t ion  t o  the  ac tua l  o i l  sha l e  the re  a r e  l a rge  reserves  of 

sodium minerals present in the  Piceance Basin, p a r t i c u l a r l y  nahco l i t e  

(NaHC03), trona (Na,CO 'NaHC03'2H20), h a l i t e  (NaCl) and a sodium-aluminum 

miners l ,  dawsonite (NaAl(0H) CO ),which occur i n  zones a t  g r e a t e r  depths 

of the basin (1800-2000 f t . ) .  

Thus, o i l  sha le  represents a s i zab le  por t ion  of t he  na t ion ' s  energy 

- 3  

3 3  

sogrces. While the development of these resources was hampered i n  the  

pas t  by inadequate technologies and s t rong  competition with domestic and 

foreign crude oils, t h e  increas ing  demand of energy sources i n  genoral 

and the p o l i t i c a l  s i t u a t i o n  oi the  present tlme in  p a r t i c u l a r ,  have brought 

the  p o s s i b i l i t i e s  of a commercisl exo lo i t a t ion  of these  depos i t s  i n t o  

sharper focus. This appears evidxic from the  announcement of some 

i n d u s t r i a l  companies such a s  Colony Development Corporation, Union O i l  and 
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Occidental  O i l  t o  venture  i n t o  commercial production and the  more r ecen t ly  

announced leas ing  of government-owned land t o  Gulf O i l  and Standard O i l  

of Indiana. 

Based on s ta tements  made by some of t he  companies in t e re s t ed  in 

t h e  commercial exp lo i t a t ion  of the waste o i l  sha l e  depos i t s  i t  would 

appear that a t  p resent  t h e  s t a t e  of the a r t  i n  mining and processing 

t e c h o l o g i e s  f o r  o i l  s h a l e  have reached the  s tage  t o  be p o t e n t i a l l y  

f eas ib l e  for  commercial app l i ca t ion  although some of the  opera t ions  w i l l  

r equ i r e  d i sposa l  a r eas  and a v a i l a b i l i t y  of considerable water resources. 

A 50,000 ba r re l /day  p l an t  using su r face  r e t o r t i n g  of sha le  averaging 

30 ga l lons  p e r  ton w i l l  r equ i r e  72,000 tons pe r  day of raw shale  a s  feed 

and w i l l  discard 61,000 tons  pe r  day of spent sha le .  Most mining of t he  

aha le  w i l l  probably be done by the  room-and-pillar method, with perhaps 

10-15"1. being t r ea t ed  by open p i t  min ing;s t r ip  mining is not being considered 

a t  t h e  present time. Thei r  poss ib le  cont r ibu t ion  t o  an o i l  sha le  indus t ry ,  

however, must be considered. 

The e x t r a c t i o n  of t h e  o i l  from the  o i l  sha l e ,  i .e.  the so-called 

" r e to r t ing  process" can ( in  p r inc ip l e )  be car r ied  out by "above-ground'' 

r e t o r t i n g  us ing  o i l  sha l e  mined by one of t he  afore-mentioned methods 

o r  by the  so-ca l led  " in-s i tu ' '  o r  in-place underground r e t o r t i n g  of the 

o i l  s h a l e  depos i t s .  

each case t h e  sha le  rock  is heated t o  900-1000°F and the  oil vapors 

obtained are  removed and cooled t o  y ie ld  a semi-viscous l i qu id  which is  
sha le  o i l .  

crude or various p a r t i a l l y  refined products ( fue l  o i l ,  naphtha, e t c . ) .  

The main processes of t h i s  type a r e  the following: 

There a r e  t h r e e  b a s i c  "methods" f o r  above-ground r e to r t ing .  In 

The l a t t e r  is  subsequently upgraded t o  y ie ld  e i t h e r  a p ipe l ine  

1. Tosco Ii iColony Retor t  

2. V e r t i c a l  Re to r t s  such a s  

a. Union Rock Pump Retor t  

b. Bureau of Mines Gas Combustion Retor t  

C. Pe t ros ix  Externally-heated Re to r t ,  and 

d. Paraho Vertical-kilt Retort .  

A l l  but the  Union r e t o r t  use downward g rav i ty  f l m  of shale.  

3. Lurg i  Retor t  using f lu idrzed  bed. 
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The "in-situ" processing of o i l  sha l e  i s  an a t t r a c t i v e  a l t e r n a t i v e  t o  

mining and above ground r e to r t ing .  Its main advantage claimed i s  the  

e l imina t ion  of the  mining and k i l n  r e to r t ing ,  t he  e l imina t ion  of the  

necess i ty  o f  d i sposa l  of spent  sha le  and l a rge  s c a l e  water requirements. 

However, i n - s i tu  r e to r t ing  has not  been t echn ica l ly  o r  economically 

successfu l  t o  da te  and requi res  considerably more research  - although 

most recent ly  Occidental  O i l  Company has announced t h a t  i t  has demonstrated 

successfu l ly  an in - s i tu  method which according t o  the  r epor t  may be 

developed wi th in  the  near  fu ture .  

r e t o r t i n g  of o i l  sha l e  sterns from the  cracking o f  the organic  ma t t e r  

contained in the  marlstone type sedimentary rock of the  o i l  sha le .  

major por t ion  of t h i s  organic matter is an  inso luble  high molecular weight 

organic m t e r i a l  ca l led  "kerogen." 

Green River Formation kerogen represents  a three-dimensional organic  

matrix composed of more complex cyc l i c  organic subuni t s  ca l l ed  "proto- 

kerogen" l inked toge ther  by longer alkane or e t h e r  type compounds bridging 

these subunits.  Entrapped wi th in  t h i s  matrix a r e  res idues  of protokerogen 

components which have a s  y e t  not combined wi th  each o ther  by d iagenes is  

due t o  increase  i n  v i s c o s i t y  and the  admixture of considerable amounts 

of inorganic mineral  matter.  

forms the  r a t h e r  compact rock ca l l ed  o i l  sha le .  Heating the  rock ( r e to r t ing )  

t o  900-1200°C w i l l  break up the  organic matrix and form lower molecular 

w e i g h t  organic hydrocarbons which y i e ld  t h e  major cons t i t uen t s  of t he  

sha le  o i l  produced. 

The sha le  o i l  obtained from t h e  

The 

In t he  case of t he  o i l  sha l e  of the  

The mixture of the two major components 

The technology of o i l  sha le  mining and production i n  the  United S t a t e s  

and the economics of the  energy requirements a r e  such t h a t  a commercial 

indus t ry  is  eminent. However, some of t he  processes w i l l  r equi re  considerable 

amounts of water  f o r  t h e i r  operation and w i l l  a l s o  lead t o  d i sposa l  problems. 

The water requirements w i l l  vary with t h e  process involved. For a t y p i c a l  

50,000 b a n e l l d a y  p l an t  t he  water  consumed would be 20 a c r e  fee t lday  which 

is about 3 b a r r e l s  of water  per ba r re l  of sha le  o i l  produced. Some 45% 
of t h i s  water  is used f o r  wet t ing  and compaction o f  t he  discarded spent 
sha le ,  25% f o r  r e t o r t i n g  and upgrading and 30% f o r  mining, c rush ing ,  e t c .  

A l l  water d iver ted  is eventua l ly  consumed i n  t h e  process. A one mi l l i on  

bar re l lday  operarion would requi re  approximately a t o t a l  o f  175,000 a c r e  f t .  

of water per year. 
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Furthermore, t he  i n i t i a t i o n  of a c o m e r c i a 1  o i l  sha l e  opera t ion  

f o r  ins tance  i n  t h e  Piceance Basin w i l l  a l s o  generate s o l i d  waste o f  

considerable proportion. On t h e  bas i s  of eva lua t ions  made by government 

and indus t ry  t h e  estimated amount of spent  sha le  generated a t  the  end o f  

1979 (i.e. only f i v e  years  hence) w i l l  be approximately 183,000 tons 

per  day o r  over 60 mil l ion  tons pe r  year and by 1987 when the  production 

is considered t o  exceed one mil l ion  bar re l s /day ,  the  spent sha le  produced 

w i l l  be about 1,280,000 tons/day or approximately 420 mil l ion  tons of 

spent  sha le  per  year. 

of t h e  retorced res idue  could be replaced i n t o  the mine and 40-50 percent 

w i l l  have t o  be disposed on t he  sur face .  

In  some types  of operations an  estimated 50-60 percent 

11. POTEhTIAL ENVIRONMENTAL IMPACT 

Because of t he  necess i ty  o f  so l id  waste d i sposa l  encountered 

in some processes,  t h e  water requirements and the  poss ib le  socio-economic 

implications such a n  indus t ry  may have, i t  is  not s u r p r i s i n g  t h a t  t h e  

p o t e n t i a l  problems of environmental impact of c o m e r c i a 1  operations 

w e r e  raised by an ever - increas ing  environmental-conscious segment of the  

population. This led eventua l ly  t o  the  compilation of a six-volume 

Environmental Impact Statement prepared by t h e  U.S. Department of t he  

I n t e r i o r ,  t he  f ina l i zed  form of which was published in  1973. This document 

covers p r a c t i c a l l y  every f a c e t  of p o t e n t i a l  environmental impacts which 

could ensue from commercial o i l  sha l e  opera t ions  and countermeasures 

proposed, t he  e f f ec t iveness  of which have been a l ready  demonstrated exper i -  

mentally i n  p i l o t  s tud ie s .  

Statement" does no t  (and probably was not intended to )  provide f i n a l  

so lu t ions  but r a t h e r  ou t l i nes  p o t e n t i a l  problems and can by necess i ty  

provide only guide l ines  t o  poss ib le  so lu t ions  because i n  many cases the re  

j u s t  is as y e t  no t  ava i l ab le  s u f f i c i e n t  hard core  experimental da ta .  

exists therefore  i n  many a reas  covered by the Impact Statement the need of 

experimental implementation and/or corroboration and of course t h i s  is a l s o  

ind ica ted  i n  the  document. 

However, i n  many o ther  aspec ts  the  "Impact 

There 

This appears t o  be c e r t a i n l y  t rue  wi th  respec t  t o  some aspec ts  

o f  the  problem a reas  with which the  research program conducted under t h i s  

NSF Grant i s  concerned, L e .  the  p o t e n t i a l  environmental e f f e c t s  stemming 
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from the  generation and d i sposa l  of carbonaceous spent shale.  The d a t a  

obtained from these  inves t iga t ions  are t o  be considered preliminary a t  

the  present and represent a mere poin t  of departure.  However, w i th  the 

foreseeable development of a c t u a l  l a r g e r  s c a l e  demonstration p l a n t s  ( in  

t h e  order  of 50,000 b a r r e l s  of o i l  pe r  day) these  inves t iga t ions  appear 

to be t imely and hopefully may cont r ibu te  some new experimental d a t a  

usefu l  f o r  a b e t t e r  

The bas i c  philosophy of the  present research program i s  the re fo re  t o  

inves t iga t e  these  problems experimentally (in cooperation wi th  the indus t ry  

and gover-t agencies in t e re s t ed  i n  sha le  o i l  production),  and make the 

r e s u l t s  of these  inves t iga t ions  ava i l ab le  t o  a l l  i n t e re s t ed  p r i v a t e  and 

o the r  government organiza t ions  and a l s o  publish them in  the  open l i t e r a t u r e .  

eva lua t ion  of t h e  p o t e n t i a l  environmental Froblems. 

What then a r e  the  poss ib l e  environmental impacts which could 

conceivably r e s u l t  from the  generation and d i sposa l  of carbonaceous 

spent  sha le?  

The major by-products from an  o i l  sha l e  opera t ion  a r e  (a) the  

s o l i d  spent sha le ,  (b) t he  process water generated during the  r e t o r t i n g  

(pyrolysis)  process and (c) process gases. 

The composition and proper t ies  of the  s o l i d  waste w i l l  depend 

on the  type of r e t o r t i n g  process used and the  conditions of r e to r t ing .  

In some of the  r e t o r t i n g  processes the  r e su l t i ng  spent sha le  s t i l l  

contains up t o  f ive  percent carbon residue from t h e  o r i g i n a l  organic 

matter present.  This carbonaceous organic ma t t e r  i s  i n  pa r t  p resent  
a s  organic compounds which a r e  so luble  in organic so lvents .  

t o  reason t h a t  due t o  the pyro ly t ic  process used during r e t o r t i n g  

pa r t  of t h i s  orgenic matter cons i s t s  of polycondensed organic mat te r  (POM) 
which may include polynuclear o r  polycondensed aromatic hydrocarbons @AH) 
and aza-azarines (AA) in add i t ion  t o  o the r  types of higher moleculer weight 

organic compounds. 

It stands 

While in  i t s e l f  the  formation of such compounds i n  small q u a n t i t i e s  

is p r a c t i c a l l y  ubiquitous wherever pyro lys i s  of organic matter occurs and 

could therefore  be regarded as  more o r  l e s s  inconsequential ,  sys temat ic  and 

long range inves t iga t ions  ca r r i ed  out over the  last few decades have s h a m  

t h a t  chronic exposure t o  c e r t a i n  po l lu t ing  inorganic  t r a c e  elements as w e l l  

a s  t r a c e  amounts of polycondensed aromatic po l lu t an t s  can have a de t r imenta l  

e f f e c t  on the ecology including man. 

I 
\ 
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The f a c t  t h a t  such organic  compounds may be present  (even i n  

t r a c e  quan t i t i e s )  in carbonaceous spent  o i l  sha l e  cannot be overlooked 

f o r  t he  simple reason of t h e  magnitude of t h e i r  production. 

Obviously not  every conrmercial opera t ion  w i l l  produce carbonaceous 

spent  shale.  Hmever,  t h e r e  i s  considerable evidence t h a t  some of the  

processes ready fo r  l a rge r  scale operations vi11 produce carbonaceous 

spent  shale.  

involves not on ly  inorganic  trace elements and water leachable salts  but 

a l s o  considerable amounts of r e s idua l  organic  matter conta in ing  poly- 

condensed aromatic hydrocarbons. 

Consequently t h e  d i sposa l  of t h i s  type o f  s o l i d  waste 

On the  bas i s  of t h e  estimated spent  sha le  generated i n  1979 a lone ,  t h i s  

could include up t o  3.1 m i l l i o n  tons of carbonaceous matter which may 

contain as much as 6,000 tons  of so lub i l i zab le  and i n  pa r t  v o l a t i l e  organic 

compounds. 

compounds may have (in t h e  long run) some undes i rab le  impact on the ecosystem 

because of p o t e n t i a l  l eaching  and acc re t ion  o f  t h i s  material in  the  aqu i f e r ,  

t h e i r  po ten t i a l  concent ra t ion  during recyc l ing  opera t ion  of impounded 

water and t h e i r  poss ib l e  t r ans loca t ion  i n t o  the  vege ta t ion  and/or  p a r t i a l  

t r a n s f e r  i n to  t h e  surrounding atmosphere. Some of t h i s  r a t i o n a l  app l i e s  

not only t o  a b w e  ground opera t ions  but a l t o  t o  p o t e n t i a l  “ in - s i tu“  operations.  

The po ten t i a l  impact from these  t r a c e  organic  matter from carbonaceous 

spent  sha le  has not  been inves t iga ted  t o  d a t e  s y s t e m t i c a l l y  and i n  g rea t e r  

d e t a i l .  It is t h e  main ob jec t ive  of t h e  present  research program t o  f i l l  

t h i s  gap. The expos i t ion  of the  more d e t a i l e d  p o t e n t i a l  problems involved, 

and methods of approach u t i l i z e d ,  and t h e  pre l iminary  experimental r e s u l t s  

obtained t o  d a t e  a r e  presented i n  the F i r s t  Annual Report t o  be submitted 

t o  NSF and var ious  o t h e r  i n t e re s t ed  agencies. 

It is  conceivable t h a t  even a small po r t ion  of these  organic 

1x1. PRELIMINARY RESULTS 

The major a c t i v i t i e s  and preliminary r e s u l t s  of ‘these inves t iga t ions  

(car r ied  out t o  da t e )  can be surmnarized a s  follows: 

A. Samples of s o i l ,  water, vege ta t ion  and a i r  from var ious  p r i s t i n e  

(Le. a s  ye t  undisturbed) a reas  of p o t e n t i a l  fu tu re  o i l  sha l e  operations 

were co l lec ted  and analyzed f o r  t h e i r  conten t  of po lycycl ic  organic mat te r  

i n  p a r t i c u l a r  polycondensed aromatic hydrocarbons inc luding  those of known 
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carcinogenic proper t ies  such as  3 , 4  benzoLa]pyrene. 

e s t a b l i s h  a base line f o r  fu tu re  comparative s tud ies .  

This w a s  done t o  \ 
\ B. Samples of carbonaceous spent sha le  from various r e t o r t i n g  

processes used i n  p i l o t  p l an t s  (operated a t  var ious  times) were co l l ec t ed  

and a l s o  analyzed f o r  t h e i r  content of polycondensed aromatic compounds. 

Neither of t h e  two s t u d i e s  mentioned above have a s  ye t  been com- 

p le ted  and more de t a i l ed  comparisons must await add i t iona l  experimental  

data.  

The r e s u l t s  of these preliminary inves t iga t ions  ind ica t e  the  following: 

1. Carbonaceous spent sha le  with up t o  5% organic carbon content ,  

contains h igher  molecular weight and lower molecular weight organic ma te r i a l  

so luble  i n  organic so lvents .  The benzene so luble  f r ac t ion  ranges from 

0.02 t o  0.2 percent ,  depending on t he  r e t o r t i n g  conditions and t h e  age 

of the spent shale.  

2. The benzene so luble  por t ion  contains polynuclear organic  mat te r  

(FUM) such a s  polycycl ic  aromatic hydrocarbons (PAH) and aza-azar ines .  

The PAH compounds conta in  (among o the r  components) a l s o  3 , 4  benzo[a]pyrene. 

3 .  The percent amount of benzene so luble  material i n  carbonaceous 

s pent  sha le  is about one order  of magnitude higher than i n  the  s o i l s  

from p r i s t i n e  a reas  but about one order  of magnitude lower than t h a t  

found i n  a i rborne  p a r t i c u l a t e  matter,e.g.  coI lec ted  i n  i n d u s t r i a l  a reas .  

However, on a volurae bas i s  (cubic m e t e r  of mater ia l )  spent  sha le  is h igher  

i n  so luble  ma te r i a l  (12 order  of magnitudes). 

4. I n  a t r ave r se  of a gulch projected a s  a d i sposa l  a r s a  the  ex t r ac t ab le  

ma te r i a l  i n  s o i l  i s  i n  genera l  a l s o  one order of magnitude lower than i n  the  

spent sha le  ash ,  but v a r i e s  w i th  the  dens i ty  of vege ta t ion  growing a t  t h e  

p a r t i c u l a r  sampling s i t e ;  t h i s  is due t o  the  f a c t  t h a t  endogenic PAH 

compounds generated by the  vege ta t ion  w i l l  evnntually end up i n  t h e  s o i l .  

The content of benzoLa]pyrene i n  t h e  benzene e x t r a c t s  i s  about 5. 
th ree  order  of magnitude higher than t h a t  i n  the  e x t r a c t s  of s o i l  and/or 

p l an t  ma te r i a l  from the  p r i s t i n e  environment and 3 t o  30 fold as high a s  i n  

vezetables (e.g. s a l ad  with approximately 10 micrograms/kg d ry  weight) 2r.d 

smoked food (1-10 micrograms/kg dry weight). 

6 .  Preliminary da t a  a l s o  ind ica t e  t h a t  s a l i n e  water from le-cnecl 

carbonaceous sha le  may be a t  l e a s t  th ree  t o  four order  of magnitudes higher 

i n  PAH content than ground water  o r  su r f ace  water from p r i s t i n e  a reas .  
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7. Polycycl ic  aromatic compounds can apparently be leached from 

t h e  carbonaceous spent s h a i e  by water t o  a considerable ex ten t  i n  t h e  

presence of water  s o l u b l e  inorganic s a l t s .  

8. Whether t h e  amount of PAH compounds wi th  ham carcinogenic 

proper t ies  present  i n  carbonaceous spent sha le  cons t i t u t e s  a ser ious hazard 

t o  the environment w i l l  need more extensive s tud ie s  and add i t iona l  

experimental d a t a  t o  allow comparison with urban and i n d u s t r i a l  environ- 

ments to which man i s  exposed a t  the present time. Therefore the f i n a l  

anawers w i l l  have t o  await forthcoming r e s u l t s  from extended inves t iga t ions .  

9. S tudies  on t h e  oxidation of  carbonaceous shale  ash have been 

There a r e  as yet  not s u f f i c i e n t  da ta  ava i l ab le  t o  lead t o  any i n i t i a t e d .  

d e f i n i t e  conclusions. 
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HYDROGASIFICATION OF OIL SHALE 

S. A. Weil, H. L. Feldkirchner, a n d P .  B. Tarman 

institute 0: Gas Technology 
Chicago, Illinois 60616 

INTRODUCTION 

In the early 1960's. the Institute of Gas Technology (IGT) car r ied  out an 
extensive research program for the American Gas Association (A. G.A. ) on 
the direct hydrogasification of, primarily, Colorado oil shale ( 3 ) .  IGT 
used laboratory and bench-scale equipment. In the bench-scale tes ts ,  using 
cocurrent hydrogenlshale contacting, we were able to gasify about 65% 
of the organic carbon in the oil shale. 
aromatic liquids, and about 20% remained i n  the spent shale. 
variable controlling the conversion of organic matter to gas was the hydrogen/ 
shale ratio. 

About 15% was converted to light 
The major  

Economic studies indicated that the cost of pipeline gas f romoi l  shale was 
promising. 
operation: 

0 Approximately 20% of the available energy in  the raw shale was not 
recovered, and' it was questionable whether the residual organic matter 
could be economically recovered a s  process fuel. 

0 Most of the heat used in preheating the shale to  reaction temperature 
would be lost a s  sensible heat in the hot spent shale, which would d is -  
charge at 1100"-1300"F. 

This study was initiated, therefore, to investigate the technical and 

However, there were two major disadvantages in cocurrent 

economic feasibility of producing synthetic pipeline gas f rom oil shale by 
hydrogasification, using countercurrent gas-solids contacting and excea s 
hydrogen. It was expected that the use  of excess hydrogen with controlled, 
countercurrent shale heating and cooling would result in increased organic 
carbon removal f rom the shale and improved heat recovery - resulting in  
improved overall process efficiency compared with previous processes.  
use of excess hydrogen would require hydrogen recycle, but would probably 
permit operation at lower pressures  and thus reduce plant capital equipment 
coats (relative to  processes using cocurrent gas-solids contacting and near- 
stoichiometric hydro enlshale ratios).  
based on a 20-25 galfton F ischer  Assay oil shale indicate that raw material  
costs would be  much greater than reactor costs. 
to convert a s  much of the organic matter content of the shale a s  possible. 
This would also be desirable in view of long-range energy conservation 
principles. 

The 

Preliminary economic studies 

Thus, it would be desirable 
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Initially, we car r ied  out material  and energy balance, heat transfer,  and 
other process design calculations to determine the general a r eas  for the 
most  efficient operation. 
thermobalance to determine the effects of temperature, pressure,  hydrogen 
partial  p ressure ,  and the rate of shale heat-up on the rate and ultimate 
level of kerogen conversion, Ways to  minimize undesirable mineral car -  
bonate decomposition reactions were also studied. Finally, a se r ies  of 
t e s t s  was conducted in a 4-inch-diameter reactor to determine the effects 
of process  variables on  the yields of gaseous, liquid, and solid products 
and their ra tes  of production from oil shale kerogen. 
present t e s t  results relating process variables to product yields and 
product properties. 

THERMOBALANCE STUDIES 

Experimental 

Next, we conducted a se r i e s  of t e s t s  using a 

In this paper, we 

The tes t  p rogram t o  study the effects of temperature, hydrogen pressure,  
particle size, and heat-up ra te  on the rate and extent of kerogen removal 
f rom the shale was ca r r i ed  out with a thermobalance, a s  diagramed i n .  
Figure 1. 
ear l ie r  ( 2 ) .  

The design and operation of the equipment have been described 

I n  most of the  runs, the shale sample ( a s  pebbles) was contained in a 
stainless-steel  wire-screen basket 114 to 318 inch in diameter and 3 inches 
in height. 
with a stabilized gas flow s t ream at about 10 SCF/hr. 
lowered into the reactor 
achieve the desired heat-up rate. The heat-up ra tes  used included slow 
(about 1 5' F /min ) ,  fas t  (about 3 5'F /min), and very rapid, in which case 
the sample was lowered quickly into a preheated reactor. 
it is estimated that about 40 s were required for  the sample to attain reactor 
temperature. 
perature, the sample was raised into a cool region above the reactor, ' 

effectively stopping fur ther  reaction. 

The reactor section was brought to the desired initial temperature 
The sample was 

and the power into the heating elements adjusted to  

In the las t  case, 

After a prescribed t ime or  upon reaching a prescribed tem- 

The sample was weighed before and after each run, and the residue was 
analyzed for carbon, carbonate, hydrogen, and ash. During the run, the 
sample weight and temperatures(using four thermocouples which surrounded 
the sample) were  continuously recorded. 

After selection, the shale rocks were  crushed, sieved, and divided by 
The shale samples were 2.5 to 3 g in weight riffling into smal l  samples. 

and -6+10 in U.S. Standard sieve size. 
analysis gave the following average composition. 

Random samples chosen for chemical 
(See Table 14 
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Table 1. SHALE COMPOSITIONS 

Composition 

Organic Carbon 
Hydrogen 
Carbon Dioxide 
Sulfur 
Calcium 
Magnesium 
Ash 

Rich Shale, 
52 gal/ton 

21.06 
2.8 4 

12.54 
0.83 
6.3 
3.3 

60.0 

Lean Shale, 
11 gal/ton 

w t %  

5.40 
0.99 

18.17 
0.45 
8.8 
4.8 

74.0 

It is estimated that the rich shale has  40.3% potentially volatile mater ia l  
of which 12.  5% is COz and 27.8% is other volatile components (OVC). 
Of the CO,, 53% is f rom the CaCO, and 47% is f rom the MgCO3. 

Results of RichShale Studies (Total Conversion) 

The weight l o s s  vs. time curves and the shale residue compositions were 
The major  variables determined for  a wide variety and range of conditions. 

were hydrogen pressure,  gas  composition, heat-up rate, initial temperature. 
and maximum temp e ratur e. 

A typical time-temperature-weight loss  relation is shown in Figure 2. 
Characterist ics common to all heat-up rate runs a r e  the onset of significant 
weight loss  at 700°F and a rapid rate  of weight loss  between 800” and 1000”F, 
followed by a much slower ra te  until about 1100°F when the rate  increases  
again significantly. The thermobalance measures  only weight changes, so the 
curve represents  weight loss  due to C02 a s  well a s  to kerogen removal. In 
any given run, only the final amounts of each component a r e  known. Other 
runs were made at the same operating conditions and temperature histories 
except that the samples were withdrawn f rom the reactor  at different tem- 
peratures.  
Figure 2 to show a n  estimate of the weight loss due to volatile components 
other than CO, (OVC) 
is a sharp drop in the rate  of kerogen removal above about 1000°F. 
more, although there  i s  still organic carbon left, there  is not much more  
weight loss  beyond 1200°F .  
runs made. 

F r o m  their  residue analyses, additional points were  added to  

and of that due to CO,. These resul ts  show that there 
Further-  

The above behavior appears  to apply to  all of the 

Under almost any conditions, the organic carbon recovery in a hydrogen 
atmosphere was at least  87%.  
atmosphere was 77%. 

The maximum recovery in  a helium 

F r o m  the variations of time-temperature paths, the following qualitative 
characterist ics were found to  be true in a hydrogen atmosphere. 

a. Direct exposure (hence, very rapid heat-up) to temperatures  of 1300°F 
o r  higher leaves about 1 3 %  of the original carbon in the residue re- 
gardless of exposure time. 

I 
b 
E 



126 
/ 

b. Soaking of the shale sample for 1 hour or  more  at 700" o r  800°F 
( o r  very slow heat-up) improves kerogen conversion a t  higher tem- 
peratures. 

C. Soaking a t  low temperatures without heating above 1000°F results in 
a s  much kerogen recovery a s  direct exposure to high temperatures 
(1 3% of original carbon remaining ). 

d. Higher hydrogen p res su res  resulted in lower residual organic carbon. 

Figure 3 shows the residual organic carbon for the range of hydrogen 
pressures  and heat-up ra tes  studied. In a l l  of these runs, the final tem- 
perature was 1300°F. It i s  apparent that the high-temperature kerogen 
recovery is extremely pressure  sensitive. 

The carbonate decomposition does not become significant until 1000" F 
and, a s  would be expected, i s  greater fo r  longer periods at temperatures 
above 1000°F. The re  appears to be a qualitative correspondence between 
residual organic carbon and residual C 0 2 .  For  example, it i s  noticeable 
in comparing the helium runs with the pure  hydrogen runs which have the 
same time-temperature path to 1300°F. 
carbon and 80% residual C02. 
34% residual COz. 
a t  low hydrogen p res su re  o r  very rapid heat-up rates, the conditions a r e  
relatively poor for kerogen recovery and very good for carbonate de- 
composition. Also, kerogen recovery i s  enhanced relative to CQ generation 
when the shale is soaked in hydrogen at temperatures below 1000°F and 
above 700°F. 
20% of original) can be achieved in simple heat-up paths, but at the expense 
of leaving 8% of the  shale's organic carbon. 
carbons, the most favorable path for minimal COz generation 
is that of long soaking a t  800°F before heating to higher temperatures. In 
that case, a residual carbon of only 3% of the original carbon can be  achieved 
with 65% carbonate decomposition, a s  compared to almost 100% carbonate 
decomposition to achieve the same residual carbon by uniform heat-up. 

The former resulted in 23% residual 
The latter resulted in 7% residual carbon and 

In two areas,  this rough correspondence does not hold; 

F igure  4 shows that low carbonate decomposition ( l e s s  than 

To obtain l e s se r  amounts of 

4 

An alternative method of suppressing carbonate decomposition is possible 
because the decomposition pressure  of CaCO, is low enough to be overcome 
by a trace of C02 i n  the gas phase. When 2% COz was added to the feed gas 

corresponding pure  hydrogen runs. 
(lO-psia C02),  the  carbonate decomposition was much l e s s  than in the I 

It should be noted, however, that while the carbonate decomposition was 
repressed, the kerogen recovery was a l so  reduced relative to the pure  
hydrogen runs. 
C 0 2  repression (F igure  4 ) .  

Thus, the net improvement was not a s  striking a s  implied by the 
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Results of RichShale Studies (Kinetics1 

Low-Temperature Kerogen Recovery 

In the heat-up runs, there  appears  to be a significant decrease in weight- 
loss  ra te  when the sample reaches about 1000°F and has  lost  about 25% of its 
original weight (Figure 2 ) .  
there  appears to  be a limiting weight loss, again about 25% of the  rich shale. 
In this discussion, this portion of the recovered kerogen (and any other 
mater ia ls  that comprise this weight loss )  i s  referred to a s  the  low-temperature 
weight loss  o r  kerogen recovery. 

In constant-temperature runs below 1000"F, 

In Figure 5, the low-temperature weight-loss ra tes  for  several  heat-up 
runs a r e  shown as functions of the extent of weight loss.  
operating conditions includes 15" to 35"F/min temperature-r ise  ra tes  and 
20 to  500 psig pressures .  
extrapolated to zero in the region of 23 to 25% weight loss .  
goes through a minimum in this region (which also corresponds to 1000" - 
1100°F). the subsequent r i se  being due to the CO, generation that begins 
a t  these  temperatures and increases  very rapidly. 

The range of 

In all cases,  the low-temperature ra te  can be 
The actual ra te  

(See Figure 2. ) 

In Figure 6, s imilar  data a r e  presented a t  higher conversions for  the 

However, 
constant-temperature runs a t  800", 9 0 0 " .  and 1000°F. Again, the rate  of 
weight loss  appears to  become zero at about 25% weight 10s 
at 700°F the extrapolated weight lost  a t  a zero  loss  rate was significantly 
lower than in the other runs, being about 11% rather than 25%. 

It i s  apparent thafat  temperatures of a t  least  800°F and, a t  most, 1000°F~ 
a definite fraction of the kerogen i s  capable of being removed and will be 
removed if enough t ime in a hydrogen atmosphere is allowed. 
i f  any more  kerogen were t o  b e  recovered a t  temperatures  below 1000°F. 
it would require an  additional time that i s  a n  order  of magnitude greater  
than that needed for  the low-temperature kerogen recovery. 

Furthermore,  

In the case of the rich shale, the low-temperature weight loss,  on the 

There was no way to identify the 
average, i s  25.0% and ( a s  are al l  kinetic data)  is based on thermobalance 
data rather than on chemical analysis. 
components in  this 25% f rom the data taken. 

The randomness of the extrapolated values about 25%, regardless of 
temperature, makes it safe to assume that no portion of that 25% is COz. 
Of the other volatile components, 25% of the 28% in the original feed may 
constitute the low-temperature kerogen, leaving 3%. 
by the results of runs in which the shale was a t  temperatures  high enough 
to  achieve full low-temperature weight loss  (900. -1000°F). but inadequate 
to  go any further. 

This  value is supported 

In these. the final OVC was 3.3 to 3.4%. 
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Attempts to devise a kinetic scheme for the low-temperature kerogen 
recovery in  hydrogen have been made, but have not been successful. The 
constant-temperature data appear capable of description by a linear com- 
bination of f i r s t -order  exponential t e rms  a s  might result  from a mechanism 
such a s  - 

Material 

AR 

where AP and AR represent  two different intermediate species. However, 
the determination of the appropriate kinetic parameters  f r o m  the data 
proved to be very sensitive, and a satisfactory fit of the data has not been 
achieved. 

High -T emper atu r e Kerogen Re cove ry 

The thermobalance data permit examination of the kinetics at low 
temperatures ( 1000°F) because of the fortuitous fact  that no COz is 
generated in that region. Above 1000°F. the COz generation precludes 
any kerogen-generation ra te  data. 
kerogen recovery must be based solely on the residue analyses. 

Any analysis of the high-temperature 

Among the runs with rich shale in hydrogen, a surprisingly large number 
resulted i n  residual organic carbons of about 2.7% of the original sample. 
These included - 
a. Instantaneous heat-up runs that did not have a reasonable t ime below 

lOOOOF 

Runs at  low hydrogen p res su res  

Constant temperature runs below 1000°F 

b. 

C. 

Runs in  which tempezatures higher than 1000°F were  reached in 
hydrogen atmospheres left  this amount o r  less  residual carbon. It i s  very 
reasonable to identify the 2.7% residual carbon of the rich shale .with the 
residual of the low-temperature kerogen recovery. Possibly fortuitously, 
the low-temperature OVC residual of 3% i s  approximately the same fraction 
of the Or ig ina l  OVC a s  the 2. 7% residual carbon is of the original carbon. 

Eighteen runs a t  500 psig with the rich shales resulted in residual carbon 
contents significantly lower than 2.7%. 
residual carbon and temperature history were sought, but not found. 
characterist ic of the results i s  that comparable conversions can be obtained in 
shorter time periods if  the  sample i s  uniformly heated from 600" to 1300°F 
than if  it is  dropped into 800°F o r  higher, held there, and then heated to 
1300°F. 
potential 2.7% high-temperature product) with long t imes a t  high temperatureg 
implies competing reactions a r e  involved - one to the product or i ts  precursor 
and the other to  residual carbon. To even qualitatively explain both heat-up 
and constant-temperature run results, it i s  necessary to assume that the basic 
competing reactions a r e  fast  and that the ultimate conversion i s  determined 
within a few minutes of exposkg 
(probably above 600°F).  

Simple relationships between the 
One 

This, together with the fact that we could not obtain high conversion(of the 

the shale to  reaction temperatures 
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Results of LeanShale Studies 

i Because of the small fraction of organic carbon i n  the original sample 
and the correspondingly small amount of carbon in  the residue, it i s  
difficult to be s u r e  of the significance of differences in the residual carbon 
among the runs. Certainly, qualitatively, there  a r e  many similari t ies 
with the results with the rich shale. 

a. A residual carbon which is about twice B s  great  in a n  iner t  gas  (helium) 

Among these a r e  - 

a s  in hydrogen is obtained. 

b. Without low4emperature exposure, 89% of the organic carbon can b e  
recovered compared with 87% for  the rich shale. 

c. Seven percent of the carbon remains in fast heat-up runs and 3% in 
slow heat-up runs. 

d. COz generation is suppressed by COz in the feed gas, but with a penalty 
in kerogen recovery. 

There is other behavior which i s  different. 

The rich shale showed 7 . 3 %  and 3. 6%.  respectively. 

Most noticeable i s  a much 
lower C02 generation ra te  in the lean shale. 
a t  high temperatures  resulted i n  CaCO, decomposition. 
only 65% of the MgCO, decomposed,while in the rich shale all the MgCO, 
always appears  to  decompose if the sample reaches 1300°F. 

Only very long exposures 
In most  of the runs 

In the fast heat-up runs of the lean shale, there  appears  to be a smaller  
fraction of kerogen recovery above 1000°F than one would expect f rom the 
rich-shale work, implying a difference in the low-temperature kerogen 
kinetics. 

BENCH-SCALE TESTS 

A flow diagram of the bench-scale unit is shown in Figure 7. The unit 
consists pr imari ly  of a hydrogasification reactor  with associated equipment 
f o r  feeding oil shale and hydrogen and measuring their  flow ra tes  and for 
collecting and measuring the quantities of residual shale, liquid products, 
and product gas. Simple controls were used a )  to  maintain reactor  tem- 
peratures  at the desired values, b )  to maintain feed ra tes  at constant values, 
c )  to maintain constant reactor pressures ,  and d )  to collect representative 
samples of the feed and product gases.  

The reactor (Figure 8 )  consists of a cold-pressure shell, with a 24-inch-ID 
and about 23 feet  long, containing an  Incoloy 800 internal reactor  tube (4-inch 
ips, Schedule 40) which is heated by a seven-zone electric heater.  
details of the design and operation of this reactor  have been described 
previously (1 ). 
an ID of about 7 inches. The reactor pressure  and the bed-pressure drop 
are recorded continuously a s  are the reactor temperatures. A total  of 32 
thermocouples is attached to the outer tube wall. 
couples were installed during the tes t  program. 
recorded continuously along with temperatures on other major  pieces of 
equipment. 

The 

Each individually controlled zone is 31 inches long and has  

Several internal thermo- 
These temperatures  were 
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Shale was fed by a screw feeder f rom a pressurized hopper,which was 
filled before testing with sufficient shale for  the entire run. 
shale entered the top of the reactor and was  preheated by countercurrent 
contact with the hot product gas. 
bottom of the reactor into a pressurized residue receiver by a second screw 
feeder. 
feed hydrogen. 
was  preheated. 

The cold 

The residue shale was discharged f rom the 

The residue shale was cooled by countercurrent contact with cold 
In a few later runs a t  high hydrogen rates, the feed hydrogen 

The feed hydrogen entered the bottom of the reactor at a point above the  
discharge screw through a dip tube (Figure 8).  
a dip tube extending down into the top of the reactor. 
f i l ter  constructed of s intered metal was installed on the end of the dip tube 
to  remove dust and eliminate plugging of the outlet l ines which had occasionally 
occurred. The feed shale dropped down through a third dip tube which served 
to  keep any heavy liquids i n  the exit gas f rom condensing on the feed shale and 
plugging the tube at  the feed screw outlet. 

The exit gas  left through 
In la te r  runs, a bayonet 

Hydrogen feed gas and hydrogen purge gas were both metered by orifice 
meters. The shale was fed constantly a t  the desired rate, and the ra te  of 
shale discharge was manually adjusted to give a constant shale-bed level. 
The shale-bed level  was  indicated by a nuclear-type level indicator and 
was  recorded continuously. A more  accurate measure of the rate of shale 
feed and discharge was obtained by weighing the shale initially charged t o  the 
feed hopper and that present  in the feed hopper and residue receiver  at the 
end of the run. Feed and residue shales were analyzed by methods described 
in Appendix B of IGT Research Bulletin N o . 3 6  ( 3 ) .  
was measured by a conventional iron-case-type meter. 
the exit gas were  collected during the steady-state par t  of each run. 
samples,were analyzed by mass  spectrometer and gas  chromatograph. 
exit-gas specific gravity was  monitored continuously by a recording gravi- 
tometer. The product liquids were  collected in two different knockout pots 
and analyzed by conventional ASTM procedures. The first knockout pot 
(operated at  high temperature)  contained a short cyclone section,which 
removed dust and heavy tar. 
condenser to condense out low-temperature liquids. 
collected in a low-temperature knockout pot. 
the collected liquids were  weighed every 1 / 2  hour during the steady-state 
portion of each run. 

The exit-gas volume 

G a s  
Aliquot samples of 

The 

The exit gas  was then cooled in  a three-stage 
These liquids were  

Both pots were drained, and 

All of the tes t s  conducted in the pilot plant were with a single batch of 
Colorado oil shale f rom the U. S. Bureau of Mines mine at Rifle, Colorado. 
Mine run material was crushed to  
elsewhere into various fractions. We selected a ++IO U. S. Standard sieve 
s ize  material for  most  of these tes ts  because it was the largest  s ize  which 
we could successfully feed with our existing equipment. 
Fischer  Assay oil  yield in the 20-25 gal/ton range. 

- 1 /4-inch s ize  at the mine and sieved 

This mater ia l  had a 

Analysis of Oil Shale 

A typical analysis of the  oil shale used in the tes t s  reported here  is given 
in Table 2. 
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Table 2.  TYPICAL ANALYSIS OF COLORADO OIL SHALE 
USED IN BENCH-SCALE TEST PROGRAM 

Moisture, wt % 
Composition, wt % 
(dry  bas is )  

Organic Carbon 
Mineral Carbon Dioxide 
Hydrogen 
Nitrogen 
Oxygen (By Difference) 
Sulfur 
Ash 

Total 

0.30 

11.30 
17.55 

1.72 
0.35 
1.73 
0.54 
66.81 

100.00 

Screen Analysis, U.S. Standard Sieve Size 

wt41. 
+6 0.1 
+8 12.5 
+l6 79.9 
+30 6.9 
+60 0.3 
+IO0 0.1 
+200 0.1 
-200 0.1 

Total 100.0 

\ 
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Effects of Operating Temperature 

The f i rs t  s e r i e s  of tes ts  was conducted to  study the effects of reaction zone 
temperature on the yields and properties of gaseous, liquid, and solid products. 
These tes ts  were  conducted with relatively short ( 9  t o  12 feet)  beds and flat 
temperature profiles. 
in Figures 9 and 10. 

The results of these tests are summarized graphically 

As expected, gaseous hydrocarbon yields and mineral  carbonate decom- 
position increase with increases in temperature (F igure  9 ) .  
a r e  very encouraging. 
recovered a s  gaseous and liquid products. 
organic carbon was converted to liquids; at  1400°F. over 60% was converted 
to gas. 

The results 
In a l l  tests,over 90% of the organic carbon was 

At 1200°F. over 80% of the 

The effect of temperature on kerogen conversion i s  not pronounced although 
some increase can be  noted in the neighborhood of 1300°F. 
1200°F was conducted with a shale space velocity considerably higher than 
that used in the tes ts  at 1300" and 1400°F. 
could probably have been obtained a t  1200°F if more  residence t ime had been 
provided. This higher space velocity probably also caused a relatively lower 
mineral carbonate decomposition. 

The t e s t  a t  

More organic carbon removal 

The effects of temperature on the lighter (<400"F) liquid product 
properties a r e  shown in Figure 10 .  Although less  hydrocarbon liquids a r e  
formed at the higher temperatures, those formed would be more  difficult 
to gaisfy. 
fraction decreases f r o m  about 92 volume percent to about 40 volume percent 
a s  the temperature increases  f rom 1200" to  1400°F. 
ratio of the entire liquid product increases from an average of about 7.5 
to about 11 a s  the temperature increases f rom 1200" to 1400°F. 
the higher temperatures,  an increasing portion of the liquid product i s  
aromatic. The l ighter aromatics, such a s  benzene, toluene, and xylene, 
a re ,  of course, very  difficult t o  gasify. The heavier aromatics, however, 
will produce additional hydrocarbon gases with further reaction. I t  should 
be  pointed out that the hydrocarbon-type analysis could only be performed 
on the <400"F fraction of the oils. It should also be pointed out that in no 
run did the c400"F fraction constitute more  than 35% of the total oil. 

F i r s t ,  the saturates plus olefins content of the IBP <400"F 

Also the C/H weight 

Thus, a t  

The liquid products produced in these tes ts  were of substantially better 
quality than those produced by conventional retorting. In a l l  these tests,at 
least  89% boiled below 730°F. whereas in conventional retorting processes 
reported in the l i t e ra ture  l e s s  than 50% boiled below 800°F. 

Because bed heights of about 9 to 1 2  feet (3-1 / 2  t o  5 heating zones) were 
used, the feed shale fell  through a long heated zone (of 1000°F or  more)  before 
reaching the shale bed. 
rather than the slow heat-up which would be  preferred based on laboratory 
thermobalance tests.  
estimate that the shale particles reached a n  average temperature of no greater 
than about 900" -1000" F by the time they reached the shale bed. 
heating to final bed temperature ranged from about 20" to 3O0F/minute, 
which is more favorable to higher yields. 

This gave an initial rapid heat-up of the shale feed 

However, based on heat transfer calculations, we 

Further 

I 
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Effects of Operating P r e s s u r e  

'\ 

A second ser ies  of tes t s  was conducted to study the effects of reaction 
These tes ts  zone pressure  on the yields and properties of each product. 

were conducted with a relatively steep temperature  gradient in the bed 

[ 5  t o  6 zones? . In Figure 11, the product yields a r e  shown a s  functions of 
pressure.  
liquid products, however, increase with increases  in pressure .  Thus, the 
organic carbon remaining in the residue shale decreases  with pressure:  
More than twice as  much remains at 125 psig than at 500 psig. The reason 
f o r  the lower gas yields and higher amounts of residual organic carbon in  
these runs (compared with previous runs a t  a 1400°F maximum tempera ture)  
i s  a shorter residence time at high temperature. In these tes ts ,  we used a 
steeper temperature gradient in the upper par t  of the bed to  prehydrogenate 
the feed shale. 

to prehydro enate the shale) and bed depths ranging f r o m  12.9 t o  15. 5 feet  

The The product gas  yield is only slightly affected by pressure .  

The effects of pressure  on hydrocarbon types in  the liquid products 
(GO0"F fraction) and the C/H ratio in the total oil a r e  shown in F igure  12. 
There a r e  only slight effects in the range studied. 
decreases  and the saturates fraction increases  with increases  in pressure ,  
but the effect is slight. 
fraction of aromatics. The C/H ratio of the total liquid products a lso is 
not significantly affected by pressure.  Thisagrees  with the fact that  the 
olefins fraction also remains nearly constant. One would expect a lower 
C/H ratio at higher pressures  because of hydrogenation of t h e  oils. The 
absence of any oil  hydrogenation i s  probably caused by the low temperatures  
in the empty space above the bed and within the upper p a r t  of the bed, so 
that the primary liquid products a r e  not hydrogenated. 

Mineral Carbonate Decomposition 

The olefins fraction 

There is no discernible effect of p r e s s u r e  on the 

In tes ts  conducted t o  show the effects of temperature  on the hydrogasification 
behavior of oil shale, mineral carbonate decom osition ranged f rom about 
26% (at 1200°F maximum reactor  t e m p e r a t u r e r t o  about 85% (a t  1400°F 
maximum reactor temperature) .  High mineral  carbonate decompositions 
a r e  undesirable for  several  reasons. 
carbon oxides, requiring extensive shifting and scrubbing and/or methanation 
of the product gas. 
shifting of the carbon dioxide evolved in  the carbonate decomposition. Third, 
the decomposition reaction is endothermic, thus removing sensible heat f rom 
the system. 
MgCO,) as well a s  calcite (CaCO,). 
carbon dioxide i s  present as MgCO, in  Colorado oil shales, according to the 
l i terature  (4) .  
about 47% MgCO,. 
thermobalance studies, we found that calcite decomposition can  be suppressed 
by adding C02 to  the feed gases. However, magnesium carbonate decomposes 
very  rapidly at temperatures above about 1000°F - even in the presence of 
high partial  p ressures  of COz. 

Firs t ,  the product gas  i s  diluted with 

Second, valuable feed hydrogen i s  consumed by reverse  

Oil shale typically contains large amounts of dolomite (CaCO, 
Approximately 36% of the minera l  

We analyzed our  oil shale and found the feed material to b e  
F r o m  previous studies ( 3 )  and f rom our  laboratory 

I 
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Therefore, la ter  in the  tes t  program, we added CO, to the feed gas 
( a t  about the 5-mole-percent level) in a n  attempt to  reduce total mineral  
carbonate decomposition (suppress  calcite decomposition) since we had 
been successful in  doing so i n  laboratory thermobalance tests. Mineral 
carbonate decomposition was reduced about 25% by the addition of COz to  
the feed gas. 

In-Situ Methanation of Carbon Oxides 

We noticed, during the  bench-scale tes t  program, that carbon oxides 
were apparently being methanated in the reactor since more hydrocarbons 
and l e s s  carbon oxides were present in the products than would b e  indicated 
by carbon and carbon oxides balances. W e  then car r ied  out two t es t s  with 
no oil shale present in the reactor  and with feed gases  containing from about 
4 to 6 mole percent carbon dioxide a t  temperatures and pressures  in  the 
region employed i n  the oil-shale hydrogasification tes ts .  
we simply passed the feed gas  through the reactor tube packed with sand. 
We found that about 59% of the carbon dioxide was converted to gaseous hydro- 
carbons (methane and ethane). 
tube was catalyzing the react ion.rather  than the solids, we conducted a second 
tes t  with an empty reac tor  tube (to ensure that the methanation observed in 
our bench-scale t e s t s  were  indicative ofwhat would happen in a large-scale  
plant, where the reactor  would be refractory-lined and reactor gases  would 
not contact a metallic wall). 
converted to  gaseous hydrocarbons, indicating that the metal tube wall was 
only partially contributing to the observed methanation. Since the gas 
residence t ime and gas  contact with the metal  wall were  greater  in the la t ter  
tes t  than in the first tes t ,  it appears that even l e s s  of the observed methanation 
in  the bench-scale t e s t s  i s  due to  catalysis by the wall. 

In the first test, 

Since it was possible that the metal  reactor  

In this test, only about 18% of the CO, was 

We also made thermodynamic equilibrium calculations to see how much 
methane could be  formed b y  methanation of carbon oxides. 
show that for  all  conditions within the reactor  tube it is possible (thermo- 
dynamically) to form methane in quantities greater  than those observed. 

These calculations 

SUMMARY AND CONCLUSIONS 

Results of the small-  scale laboratory thermobalance studies have shown 
that - 
1. The presence of hydrogen, even a t  low pressure,  significantly increases  

organic carbon recovery a s  compared with hydrogen-free retorting. 

2.  Further  increases  in organic carbon recovery can be achieved at an elevated 
hydrogen par t ia l  p ressure .  
9 5% recovery. 

At 500 psia, slow heating can achieve over 

3. The heating r a t e  significantly affects the organic carbon recovery. Very 
rapid heating to 1300°F limits recovery t o  about 87%. 

4. The carbon dioxide generation by decomposition of CaCOs and MgCO, 
begins a t  about 1000°F. increasing rapidly above this temperature. De- 
composition of the CaCO, can be almost completely suppressed by the addition 
of small amounts of CO, in the feed g a s  stream; MgC0, decomposition 
cannot be suppressed a t  hydrogasification temperatures.  
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Results obtained in the 4-inch-diameter reactor have generally verified 
the trends observed in the laboratory study. 
hydrogen have exceeded 90% - significantly bet ter  than recoveries obtained 
in  conventional retorting. 

Kerogen recoveries using 

Constant-temperature runs (rapid shale heat-up in f r e e  fall  above the bed) 
indicate that high temperature favors the production of gas  and promotes 
aromatization of the liquid products. 

The use  of controlled shale heat-up (shale preheated in  the upper portion 
of the bed) favors liquid production; however, the liquid products a r e  of much 
higher quality. 

Additional data obtained in the countercurrent tes ts  verified the ability 
t o  suppress carbonate decomposition by adding C02 to  the feed hydrogen. 
We also discovered that substantial methanation of carbon oxides occurs  in 
the shale bed. 

In summary, the experimental program h a s  shown that the basic  concept 
of countercurrent operation i s  technically feasible. 
of the system is now bet ter  defined and looks very favorable. 
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INTRODUCTION 

As the Nation's needs for additional sources of petroleum products become ever more 
pressing, a role of o i l  shale i n  the synthetic fuels industry becomes more probable. One of the 
problems in  converting shale o i l  to hydrocarbon liquid products i s  the elimination of nitrogen 
from the shale oil. Nitrogen compounds not only impart undesirable properties to the finished 
products but their basic nature makes them effective poisons for the acidic catalysts used i n  pe- 
trol eum refining . 

An efficient means of eliminating nitrogen from shale oi l  i s  hydrodenitrification of the oil 
in  the presence of a dual function catalyst. 
compounds over an Ni-W on AIz03 :ot-ilyst, Flinn' reported that amines and anilines reacted 
readily to form ammonia, but indole was rruch less active, and quinoline was the most diff icult to 
denitrify. Unfortunately, most of the nitrogen i n  shale oi l  has been found to be of the quinoline 
and indole types.2 

In a study of the denitrification of model nitrogen 

In o previous study in  this l~boratory,~ the relative rates of disappearance of the types of 
nitrogen compounds present i n  shale gas oi l  were studied using a Co-Mo on Alz03 catalyst. The 
present paper uses those Co-Mo results and results from experiments using Ni-W on AIz03 and 
Ni-W on SiO2~AI203 to compare the selectivity of these catalysts i n  denitrifying the types of 
nitrogen compounds i n  shale gas oil. These comparisons should afford insight into the role of the 
ca ta I ys t during denitrification reactions. 

EX PER1 MENTA L 

A gas combustion retort shale gas oil was hydrogenated i n  a 2-liter, externally heated, 
stirred reactor for 1/2 hour and for 3 hours at operating temperatures of moo, 700°, 7500, and 
8 2 5 O  F. Properties of t h i s  gas oil are listed i n  Table I. The init ial hydrogen pressure w a s  3,000 
psig and at operating temperatures pressures varied from 3,500 psig to 5,500 psig. Details of the 
operating procedure have been reported pre~ious ly .~ 

TABLE I. - Properties of shale gas oil feedstock 

Gravity, OAPl 21.5 

Sulfur, wt pct 0.60 
Boiling range, O F  

Nitrogen, wt pct 2.00 

515 to 900 
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A1,OS (Nalco, N T  533, and Ni-W on SiO,-Al,O3 (Harshaw, Ni-4301). The source and compo- 
sition of these catalysts are presented i n  Table II and selected properties of the catalysts are pre- 
sented in  Table Ill. Although it was recognized that different catalysts require unique 

Three different catalysts were used--Co-Mo on A1203 (Nalco, Nalcomo 471), Ni-W on 

TABLE II. - Source and composition of catalysts 

Cata I yst 
Co-Mo on A1203 Ni-W on A1203 Ni-W an Si02.A1,03 

Supplier Nalco Chemicol Nalco Chemical Harshaw Chemical 
Trade name Nalcomo 471 NT 550 Ni-4301 

Composition, wt pct 3.5 coo 4 Ni 
12.5 M003 16 W 
84.0 Ai,03 EO A1203 

6 Ni 
19 W 
20 SiO, 
55 A1203 

TABLE Ill. - Selected catalyst properties 

catalyst 
Co-Mo on AI,O, Ni-W on AI,O, Ni-W on Si02'A1,03 

Trade name (Nalcomo 471) (NT 550) (Ni4301) 

Average pore radius, 35.1 35.7 19.5 
BET area, m2/gm 226.4 195.7 208.5 

Pore volume, cc/gm 0.40 0.35 0.20 

Pore radius, A 
300-2 50 
250-200 
200-1 50 
150-100 
100-90 
90-80 
80-70 
70-60 
60-50 
50-45 
45-40 
40-35 
35-30 
30-25 
25-20 
20-1 5 
15-10 
10-7 

Pore-size distribution 

Vol pct 

1.3 1 .o 1.2 
2.4 1 .8 .7 
4.0 3.0 1.1 
8.5 7.6 2.3 
2.7 2.8 .8 
4.0 4.7 1.1 
5.0 6.9 1.4 
7.0 8.3 1 .8 
8.8 10.0 2.0 
6.1 6.9 1.5 
6.6 7.0 1.9 
7.6 7.5 2.4 
8.0 7.5 6.0 
9.1 7.9 9.7 
3.9 6.8 17.5 

11.6 6.1 25.6 
3.6 4.1 22.9 

.o .o .o 
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pretreatment before use in  order to maximize their individual activities, a l l  three catalysts were 
given the same pretreatment i n  order to reduce the number of experimental variables. On the 
basis of work reported by Richardson: who indicated that the desulfurization activity of the 
Co-Mo catalyst could be optimized by preheating at l,OOOo F, i t  was assumed that the same pre- 
treatment would optimize denitrification activity and a l l  catalysts were preheated a t  l,oOOo F for 
2 hwrs and allowed to cool i n  a dessicator. The catalysts were then added to the reactor i n  the 
oxidized state where they were partially sulfided by means of the gas-oil desulfurization reac- 
tions occurring during the period in  which the reactor was heated at a rate of 4 O  F per minute to 
reaction temperature. 

Samples of the product ail from the reactor were analyzed for total nitrogen using the 
Kjeldahl 
analyses as suggested by Okuno6 and modified by K ~ r o s . ~  When the titration data were cambined 
with the data from the infrared determination of indole-type compounds, i t  was possible to clar- 
sify the nitrogen compounds into the following types: Quinolines (including pyridines, quino- 
lines, acridines, and tertiary amines); arylamines (including 1,2,3,4-tetrahydroquinoIines, 2,3- 

secondary amines; amides (includingquinolones and oxindoles); and unidentified com % oun 
dihydroindoles, and anilines); indoles (inclvdingpyrroles, indoles, and carbazoles); 

complete d i s c u s s i o n x e  details of this classification procedure has been previausly rep~r ted .~ ,~  

RESULTS AND DISCUSSION 

and for nitrogen types using nonaqueous, potentiometric titrations and infrared 

Table IV l i s ts  catalysts, temperatures, times, percent of the total nitrogen removed, and 
nitrogen types expressed as their weight percent of the total nitrogen remaining in  the product 
oil. The data i n  Table IV show that the denitrification reactions were studied over the range of 
zero to 80 percent nitrogen removal and, with the exception of one instance, 90 ar more percent 
of the total nitrogen was classified into one of the five nitrogen types. 

The selectivity of each of the three catalysts toward converting each of these five types 
of nitrogen to either ammonia or to another nitrogen type was determined by plotting the nitrogen 
type i n  the product o i l  as a function of the total nitrogen removed i n  the denitrification reaction. 
If the slope of the resulting plot i s  positive, that nitrogen type i s  being converted at  a slower rate 
than the rate at which total nitrogen i s  removed. 
faster. 

If the slope i s  negative, the relative rate i s  

Figure 1 i s  the resulting plot for the quinoline-type nitrogen using the three catalysts. 
The positive slope of the Co-Mo curve shows that the conversion of quinoline when Co-Mo i s  the 
catalyst proceeds at a slower rate than the rate at  which total nitrogen i s  removed. The negative 
slope of the Ni-W curve shows that the quinoline i s  being converted at a faster, relative mte. 
Only one curve has been drawn through the two sets of Ni-W data because regression analyses of 
the Ni-W data showed very l i t t le difference when the four Ni-W on SiOz-A1203 data poinb were 
added to the eight Ni-W on AIZ03 data points. This was true for the conversion of all  five nitro- 
gen types; hence, the Ni-W data were treated as one curve i n  a l l  five cases. 

Figure 2 i s  the resulting plot for the indole-type nitrogen. Indole-type nitrogen accaunts 
for 15 percent of the feedstock nitrogen and at  a nitrogen removal of 3 percent, when using the 
Co-Mo catalyst, i t  accounts for 19 percent of the nitrogen remaining i n  the liquid product. When 
the two Ni-W catalysts are used, indole nitrogen accounts for 18 percent of the remaining nitro- 
gen even though there was not distinguishable removal of nitrogen from the liquid. These in- 
creased levels of indole-type nitrogen can only be accounted for by the conversion of other types 
of nitrogen to indole type. In a previous paper? which reported Co-Mo results, we suggested 
that the amide type and unidentified type were the most likely sources of t h i s  increase i n  indole 
nitrogen. We now see the same selectivity when the two Ni-W catalysts are used. 
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TABLE IV. - Nitrogen types i n  product oils 1 
I 

I Nitrogen type, wt pct of total nitrogen 
remaining in liquid product 

Total Primary and 
nitrogen Aryl- secondary 

Temp, Time, removed, Quinoline Indole amine amine Amide Unidenti- 
OF hrs wt pct type type type type fYPe fied 

- 

600 

700 

750 

825 

600 

700 

750 

825 

700 

825 

- 

3 
6 

12 
32 
26 
70 

L4: 
0 
0 
3 

12 
16 
51 
59 
79 

2 
8 

43 
75 

Feed gas o i l  

52 16 1 

53 
51 
52 
54 
53 
61 
55 - 

51 
50 

46 

46 
44 
41 

48 

48 

Co-Mo on AIz03 

19 5 
16 9 
16 10 
14 13 
13 12 
14 19 
13 20 - - 

Ni-W on AI,O, 

18 4 
18 ' 5 
17 5 
13 7 
14 7 
15 16 
16 18 
17 25 

Ni-W on SiO,*AlzO, 

49 18 4 
46 15 6 
47 15 15 
37 15 29 

2 

7 
15 
14 
12 
14 
3 
7 - 

2 
3 

10 
16 
15 
13 
11 
6 

7 
15 
10 
3 

20 

11 
8 
6 
4 
4 
2 
2 - 

15 
14 
13 
11 
13 
3 
1 
1 

16 
16 
6 
4 

I 

9 

! 

5 
2 
2 
3 
4 
1 
3 - 1 

10 
10 
7 
7 
3 
7 

10 
10 

6 
2 
7 

12 

1/ Not sufficient concentration to analyze product oil. - . .  
Figure 2 also shows that once the init ial buildup of indole i s  over, i t s  conversion to ammo- 

nia or to other nitrogen types is much faster than the overage conversion unti l about 25 percent of 
the denitrification reaction i s  completed. At t h i s  point indoles are converted more slowly when 
the Ni-W catalysts are used than when Co-Mo i s  used and in  both cases, the rates are slower than 
that for total nitrogen removal. 

A conclusion that can be reached from the results shown i n  figures 1 and 2 is, despite the 
compositional differences in the two Ni-W catalysts, there i s  l i t t le difference in their selectivity 
far the conversion of quinoline t y p e s  and of indole types, These results do show that the selec- 
t ivi ty of the two Ni-W catalysts i s  different than the selectivity of the Co-Ma catalyst for these 
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two classes of compounds. The Ni-W catalysts convert quinolines faster than do the Co-Mo and 
above 20 percent nitrogen removal the Co-Mo converts the indoles faster than do the Ni-W 
catalysts. 

These selectivity results might be explained on the basis of differences i n  the adsorption 
characteristics of the catalysts due to differences in  the acidity of the catalyst supports. Haense19 
reports that the abil ity of a catalyst to adsorb nitrogen compounds i s  largely influenced by the 
acidity of the catalyst. However, the Ni-W on Al,03 catalyst and the Ni-W on SiO,~A1,03 
catalyst show the same selectivity but the chemical compositions of their supports as shown in 
Table II, are different. Further, os shown i n  Table 111, the Co-Mo on AI,03 catalyst and the 
Ni -W on Al,03 catalyst are similar i n  their pore distribution patterns, yet their selectivities 
differ. Thus, i t  seems more l ikely that i n  this case the observed differences i n  selectivity should 
be attributed to the differences i n  the active-metal components, Co-Mo and Ni-W, rather than 
to  the differences in  the catalyst supports. 

Figure 3 shows the relative percentage of the unconverted nitrogen compounds which hove 
been classified as arylamine-type compounds (including hydrogenated quinolines, hydrogenated 
indoles, and anilines) os o function of the extent of the denitrification reaction. Arylamines can 
be formed by means of hydrogenation of quinoline-type and indole-type canpounds and disappear 
by means of hydrocracking to form ammonia. These results show that, at the high hydrogen pres- 
sures used in  t h i s  study, there i s  l i t t le difference i n  the three catalysts i n  their selectivity for con- 
verting arylamines. Also, the rate at  which arylamines are formed by hydrogenation of quinolines . 
and indoles over a l l  three catalysts i s  more rapid than the rate at which the arylamines are con- 
verted by hydrocrucking. T h i s  finding i s  substantiated by the work of Brown,lO who reported that 
anilines comprised about one-third of Ae tar bases i n  a shale-oil naphtha produced by recycle 
hydrocracking of a crude shale oil. Even though the results presented i n  figure 1 show that the 
rate of hydrogenation of quinoline-type nitrogen compounds i s  slower than the rate at which total 
nitrogen i s  removed over the Co-Mo catalyst, the results shown i n  figure 3 suggest that the hydro- 
genation reaction does not completely l i m i t  the overall rate of denitrification over t h i s  catolyst 
even at 80O0 F as Koros7 reported and as we have reported i n  an earlier paper.4 

. 

Figure 4 shows the relative percentages of the unconverted nitrogen compounds which 
have been classified as primary and secondary amines as a function of the removal of total 
nitrogen. Although we have shown two curves in  this figure, a regression analysis showed that 
there i s  l i t t le difference i n  the Ni-W and Co-Mo data. Hence, there i s  l i t t le difference i n  the 
selectivity of these three catalysts i n  their ability to effect o conversion of the primary and sec- 
ondary amines. Figure 4 shows that, at nitrogen removals up to about 20 percent, the relative 
percentages of primary and secondary amines increase significantly, but at higher nitrogen re- 
movals, these compounds are rapidly converted to ammonia. 

Figure 5 i s  o plot of the data for amide-type nitrogen. As shown here, the relative per- 
centage of amide nitrogen decreases rapidly at low nitrogen removal. The Co-Mo catalyst exerts 
a stronger influence thon do the Ni-W catalysts i n  the conversion of amides at low nitrogen re- 
movals, but a l l  three cotalysts are quite effective i n  converting amide-type nitrogen to other 
forms. 

SUMMARY 

The selectivity of three catalysts (Co-Mo on A1,03, Ni-W on A1203, and Ni-W on 
SiO,'AI,O~) on influencing the conversion of five, identifiable types of nitrogen compounds has 
been demonstrated. The two Ni-W catalysts are somewhat more selective i n  converting quinoline- 
type compounds thon i s  the Co-Mo catalyst. Because there i s  no difference i n  the selectivity of 
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the hvo Ni-W catalysts which differ from each other i n  the composition of their supports, it seems 
likely that the active-metal component of the catalyst i s  the determining factor in the selectivity 
of quinoline conversion. A t  low denitrification levels, all three catalysts are effective i n  rapidly 
converting indole-type nitrogen, but above 20 percent nitrogen removal, the Co-Mo catalyst i s  
more effective than the Ni-W catalysts. A l l  three catalysts show that they are less effective in  
converting arylamines than they are in removing nitrogen; and they show approximately the same 
selectivity toward primary and secondary amines. The Co-Mo catalyst converts amide-type nitro- 
gen much faster at low levels than do the two Ni-W catalysts; but a l l  three catalysts are highly 
selective in promoting conversion of amide-type nitrogen. 

The results also show that the relative percentages of different nitrogen compounds change 
as shale gas oil i s  denitrified. At low and intermediate levels of nitrogen removal, a l l  five types 
of nitrogen compounds are present i n  the liquid product. However, at higher levels of nitrogen 
removal, the identifiable nitrogen compwnds remaining in the liquid product consist primarily of 
quinolines, indoles, and arylamines. Primary and secondary amines and amides are practically 
missing from the product at levels approaching 80 percent removal of nitrogen. 
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PRODUCTION OF SYmHETIC CRUDE FROM CRUDE SHALE O I L  
PRODUCED BY I N  SITU COMBUSTION RETORTING 

C.  M. F r o s t ,  R. E. Poulson, and H. B. Jensen 

Laramie Energy Research Center, U. S. Department of  the  I n t e r i o r ,  
Bureau of Mines, Laramie, Wyoming 82070 

INTRODUCTION 

Among t h e  cons idera t ions  assoc ia ted  wi th  t h e  development of a s h a l e  o i l  indus t ry  
a r e  t h e  c o s t s  and environmental hazards  of d i spos ing  of t h e  spent s h a l e  t h a t  inher-  
e n t l y  i s  produced i f  any mining and aboveground r e t o r t i n g  approach is  involved.  
severa l  years  t h e  Bureau of Mines has  been engaged i n  research  i n  recovering sha le  
o i l  by i n  s i t u  combustion r e t o r t i n g ,  an approach t h a t  avoids  spent  s h a l e  d isposa l .  
Both a c t u a l  underground (1-3) and simulated i n  s i t u  r e t o r t i n g  (4-7) a r e  being inves- 
t i g a t e d .  

For 

Crude sha le  o i l s  produced by i n  s i t u  combustion r e t o r t i n g  of Green River o i l  
sha le  normally have h igher  API g r a v i t i e s  and lower v i s c o s i t i e s  and pour p o i n t s  than 
do crude sha le  o i l s  produced i n  N-T-U or gas  combustion r e t o r t s  (8). I n  s i t u  crude 
sha le  o i l s  a l s o  contain a much h igher  percentage of  m a t e r i a l  b o i l i n g  below 1,000" F. 
While t h e  ni t rogen conten ts  of i n  s i t u  crude s h a l e  o i l s  may be somewhat lower than 
those of crude s h a l e  o i l s  produced i n  N-T-U or gas combustion r e t o r t s ,  they s t i l l  
conta in  more than twice a s  much n i t rogen  a s  high-nitrogen petroleum crudes. 

Since e x i s t i n g  r e f i n e r i e s  would not be a b l e  t o  cope with the  high n i t rogen  con- 
t e n t  of raw sha le  o i l  i f  i t  were a s u b s t a n t i a l  p a r t  o f  the  re f inery  feed,  the  National 
Petroleum Council (NPC) (9) has suggested t h a t  crude s h a l e  o i l  be upgraded a t  the 
r e t o r t i n g  s i t e  by a process o f  c a t a l y t i c  hydrogenation t o  produce a premium feedstock 
c a l l e d  "syncrude." I n  t h i s  process ,  the crude s h a l e  o i l  would be d i s t i l l e d  t o  pro- 
duce naphtha, l i g h t  o i l ,  heavy o i l ,  and residuum. The residuum would be processed i n  
a delayed-coking u n i t  t o  produce petroleum coke, and a vapor stream conta in ing  gas ,  
naphtha, l i g h t  o i l ,  and heavy o i l .  Vapor from t h e  coking u n i t  would flow back t o  t h e  
crude d i s t i l l a t i o n  f a c i l i t i e s  f o r  separa t ion  i n t o  var ious f r a c t i o n s .  The naphtha, 
l i g h t  o i l ,  and heavy o i l  would be subsequently hydrogenated t o  remove n i t rogen  and 
s u l f u r  and t o  reduce t h e  v i s c o s i t y  and pour poin t  of t h e  f in i shed  syncrude. 

Therz is some disagreement i n  t h e  l i t e r a t u r e  a s  t o  which type of hydro t rea t ing  
c a t a l y s t  i s  the  most e f f e c t i v e  f o r  removing n i t rogen  from crude s h a l e  o i l  and/or 
sha le  o i l  coker d i s t i l l a t e s .  Carpenter and Cottingham (10) found t h a t ,  of 17 cata-  
l y s t s  t e s t e d ,  a cobalt-molybdate-on-alumina c a t a l y s t  was super ior  f o r  removing 
n i t rogen  from crude s h a l e  o i l .  Benson and Berg (1) reported t h a t  of 12  c a t a l y s t s  
t e s t e d  an  HF-activated cobalt-molybdate c a t a l y s t  was super ior  f o r  removing n i t rogen  
from s h a l e  o i l  coker d i s t i l l a t e s .  On t h e  o t h e r  hand, Montgomery (12) repor ted  t h a t  
c a t a l y s t s  containing high concent ra t ions  of n i c k e l  and tungsten were bes t  f o r  hydro- 
deni t rogenat ion.  These i n v e s t i g a t o r s  d i d  n o t  r e p o r t  any work with nickel-molybdenum 
o r  nickel-cobalt-molybdenum c a t a l y s t s .  

The purpose of t h e  p r e s e n t  study w a s  t o  test var ious  modern hydrogenation ca ta -  
l y s t s  f o r  t h e i r  e f f e c t i v e n e s s  i n  removing n i t r o g e n  from i n  s i t u  crude s h a l e  o i l  f r a c -  
t i o n s  and to  determine t h e  f e a s i b i l i t y  of  producing a synthe t ic  crude o i l  t h a t  would 
meet t h e  s p e c i f i c a t i o n s  f o r  syncrude suggested by the  National Petroleum Council. 
S ix  modern hydrogenation c a t a l y s t s  were t e s t e d  t o  compare t h e i r  e f f i c i e n c i e s  i n  remov- 
ing ni t rogen from a heavy (600' t o  1 ,000" F) i n  s i t u  gas o i l .  The b e s t  c a t a l y s t ,  
nickel-molybdenum-on-alumina, was used i n  preparing f r a c t i o n s  of a synthe t ic  crude 
using t h e  methods suggested by NPC. 
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PROPERTIES OF IN SITU CRUDE SHALE OIL 

The crude shale oil used in this study was obtained from an in situ combustion 
retorting experiment at Rock Springs, Wyo. (1-2), during the last week of the experi- 
ment and is considered a representative "steady state" oil. 
situ crude shale oil are shown in' table 1. 

Properties of the in 

TABLE 1. - Properties of in situ crude shale oil 

Gravity ............................................ API... 28.4 
Nitrogen. ........................................ wt-pct ... 1.41 
Sulfur....... .................................... wt-pct... .72 
Pour point ........................................... F... 40 
Viscosity .................................. SUS at looo  F... 78 
Carbon residue..... .............................. wt-pct... 1.7 
Ash........................... ................... wt-pct... .06 

\ 

a 

EXPERIMENTAL PROCEDURES AND RESULTS 

Apparatus and Operating Procedure 

A simplified flow diagram of the hydrogenation unit is shown in figure 1. The 
reactor used in these experiments was a 1-inch-outside-diameter by 9/16-inch- 
inside-diameter, type 316, stainless steel tube 40 inches long. The catalyst bed 
was supported by a stainless steel screen 11 inches from the bottom of the reactor. 
A second screen was placed at the top of the catalyst bed, and the upper part of the 
reactor was filled with quartz chips and served as a preheater for oil and hydrogen. 
The reactor was surrounded by a 3-inch-outside-diameter by 1-inch-inside-diameter 
aluminum block and was heated by a four-zone electric furnace, each zone o f  which was 
independently controlled. Temperatures were measured by five thermocouples placed in 
a groove in the aluminum block adjacent to the reactor and spaced at equal intervals 
along the length of the catalyst bed and preheater. 
heating elements, the recorded temperatures could be maintained within 5" F of each 
other. 

With proper adjustment of the 

At the beginning of each experiment the catalyst was heated to 700" F with air 

Steam was then introduced at the rate of 0.41 pound per 
passing through the reactor at the rate of 1.1 standard cubic feet per pound of cata- 
lyst per hour (scf/lb/hr). 
pound o f  catalyst per hour (lb/lb/hr), and these conditions were maintained for 16 
hours. The reactor was then cooled to 500" F, the steam was cut off, and, after the 
system cooled to 350' F, the air flow was stopped. The reactor was then purged with 
helium and pressurized to 250 psig. 
hydrogen sulfide was passed through the reactor at a rate of 1.0 scf/lb/hr for 3 
hours to sulfide the catalyst. 
were adjusted to those required for the particular experiment, and the oil flow was 
started. 
cylinders without further purification. 

A hydrogen stream containing 5 weight-percent 

The temperature, pressure, and hydrogen flow rate 

Hydrogen (99.9 percent purity) was used directly from standard shipping 

Products from the reactor passed through a back-pressure regulator into a sepa- 
Tail gas from the separator passed through 

Liquid products were 
rator maintained at 75" F and 200 psig. 
a second back-pressure regulator and was metered and sampled. 
drained from the separator after each 24-hour period of operation and washed with 
water to remove ammonia and hydrogen sulfide before a sample was taken for analysis. 
At the conclusion of each experiment the oil and hydrogen flows were stopped, the 
reactor was depressurized, and steam was introduced at the rate of 0.41 lb/lb/hr 
while the reactor was cooled to 700" F. 
scf/lb/hr, and these conditions were maintained until the coke burnoff was completed. 

Air was then introduced at the rate of 1.1 

\ 
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1 

Cata lys t  Screening Tests  

The c a t a l y s t s  used i n  t h e s e  tests were obtained from conmercial sources. Table 

Three o f  t h e  c a t a l y s t s  were received i n  
2 shows the manufacturer, manufacturer ' s  number, a c t i v e  metals ,  and c a t a l y s t  desig-  
na t ion  for  each o f  t h e  c a t a l y s t s  t e s t e d .  
t h e  form of 1/16-inch e x t r u s i o n s  and were used as such. The o ther  c a t a l y s t s ,  obtain-  
ed i n  larger s i z e s ,  were crushed and s ized  t o  10-20 mesh. 

TABLE 2. - Cata lys t s  t e s t e d  

Manufacturer's Cata lys t  
Manu f ac  t urerA/ No. 11 Active metals designat ion 

American Cyanamid Co. Aero HDS-ZA Co Mo I CO-MO 
American Cyanamid Co. Aero HDS-3A N i  Mo I1 Ni-Mo 
Harshaw Chemical Co .  N i  4301-E N i  W I11 Ni-W 
Harshaw Chemical Co. N i  4303-E N i  W I V  N i - W  
Nalco Chemical Co. NM-502 N i  No V Ni-Mo 
Davidson Chemical Co. NICOMO N i  Co Mo V I  Ni-Co-Mo 

- 1/ Reference t o  s p e c i f i c  manufacturers o r  t r a d e  names does not imply 
endorsement by t h e  Bureau of  Mines. 

Charge stock f o r  t h e  c a t a l y s t  t e s t i n g  experiment w a s  prepared by topping a sam- 
p l e  of  the  i n  s i t u  crude s h a l e  o i l  t o  600" F i n  a batch s t i l l  equipped with a 
column having 35 t r a y s ,  and then separa t ing  t h e  600" t o  1,000" F f r a c t i o n  i n  a 
vacuum f l a s h  d i s t i l l a t i o n  u n i t .  
s i t u  crude shale  o i l  a r e  shown i n  t a b l e  3. 

I 

Proper t ies  of  t h e  600' t o  1,000" F f r a c t i o n  of i n  

TABLE 3. - Proper t ies  o f  600" t o  1.000" F 
d i s t i l l a t e  from i n  s i t u  crude s h a l e  o i l  

'Gravity ..................................................... APZ... 23.3 
Nitrogen.. ................................................ wt-p c t . . .  1.66 
Sulfur.. .................................................. wt-pct... .51 
Viscosity.. ........................................ SUS a t  100" F... 111 
Carbon residue... ......................................... wt-pct... .5 

I n i t i a l  b o i l i n g  poin t . .  .................................. F... 579 
5 p c t  recovered ..................... ;.................. . F... 611 

10 p c t  recovered ......................................... F... 620 
20 p c t  recovered. ........................................ F... 648 
30 pct  recovered. ........................................ F... 666 
40 p c t  recovered ......................................... F... 681 
50 p c t  recovered ......................................... F... 699 
60 p c t  recovered.. ....................................... F... 732 
70 p c t  recovered... .  ..................................... F... 768 
80 p c t  recovered. ........................................ F... 809 
90 pct  recovered...  ...................................... F... 867 
95 p c t  recovered. ........................................ F... 914 
End p o i n t  ................................................ F... 995 

D i s t i l l a t i o n  

All c a t a l y s t  t e s t s  were run a t  an operat ing temperature of 800" F, a space veloc- 
i t y  of  1.0 weight o f  o i l  p e r  weight of  c a t a l y s t  per  hour (Wo/Wc/hr), and a hydrogen 
feed rate of 5,000 s tandard cubic  f e e t  per  b a r r e l  of feed ( scf /bbl ) .  
o f  c a t a l y s t  w e r e  charged t o  the  reac tor  i n  each t e s t .  

Eighteen grams 
Five o f  t h e  s i x  c a t a l y s t s  were 
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t e s t e d  a t  an opera t ing  pressure  of 1,000 psig,  and a l l  s i x  were t e s t e d  a t  an operat-  
ing pressure  of  1,500 psig.  Each t e s t  was continued f o r  96 hours. 

In f igure  2 the  f i r s t  o rder  d e n i t r i f i c a t i o n  r a t e  constants  a t  1,000 p s i g  express- 
ed as t h e  logarithm of  t h e  r a t i o  of n i t rogen  i n  t h e  feed t o  n i t rogen  i n  t h e  l i q u i d  
product ( I n  No/Nt) a r e  p l o t t e d  aga ins t  days on stream t o  show the  e f f e c t  of  operat ing 
time on c a t a l y s t  a c t i v i t y .  
t e s t e d  decreased q u i t e  r a p i d l y  with time on stream. 
d e n i t r i f i c a t i o n  a c t i v i t y  a t  an opera t ing  pressure  of 1,000 p s i g  w a s  c a t a l y s t  I CO-Mo 
and the one with the  lowest d e n i t r i f i c a t i o n  a c t i v i t y  was c a t a l y s t  I V  Ni-W. 

These curves show t h a t  t h e  a c t i v i t i e s  of all t h e  c a t a l y s t s  
The c a t a l y s t  with the  highest  

Figure 3 shows a p l o t  of t h e  f i r s t  order d e n i t r i f i c a t i o n  r a t e  cons tan ts  versus 
time on stream a t  an operat ing pressure  of 1,500 psig.  
e s t  i n i t i a l  d e n i t r i f i c a t i o n  a c t i v i t y  a t  1,500 p s i g  were c a t a l y s t  I1 Ni-Mo and ca ta -  
l y s t  I Co-Mo. 
and i t s  a c t i v i t y  decreased very l i t t l e  with time on stream. Cata lys t  V I  Ni-Co-Mo 
a l s o  had a high r e s i s t a n c e  t o  deac t iva t ion  but had a much lower i n i t i a l  a c t i v i t y .  
Catalyst  I V  N i - W  again showed t h e  lowest d e n i t r i f i c a t i o n  a c t i v i t y .  

The c a t a l y s t s  with t h e  high- 

However, c a t a l y s t  V Ni-Mo showed t h e  highest  a c t i v i t y  a f t e r  96 hours, 

Composite samples of  the  t o t a l  l i q u i d  product from each t e s t  were f rac t iona ted  
t o  determine t h e  degree of hydrocracking a t t a i n e d  with each c a t a l y s t .  Dis t r ibu t ion  
of  t h e  var ious d i s t i l l a t e  f r a c t i o n s  a r e  shown i n  f i g u r e  4. The d i s t r i b u t i o n s  shown 
a r e  for  the t e s t s  made at 1,500 psig. Yields of naphtha and l i g h t  o i l  were uniformly 
lower f o r  t e s t s  made a t  1,000 psig.  The highest  volume-percent y i e l d s  of  l iqu id  
product were a t t a i n e d  with c a t a l y s t s  I Co-Mo and V Ni-Mo and t h e  lowest y i e l d s  w i t h  
c a t a l y s t s  I11 Ni-W and I V  Ni -W.  The highest  conversion--i.e.,  m a t e r i a l  converted t o  
products bo i l ing  below 550" F--was a t t a i n e d  with c a t a l y s t  V I  Ni-Co-Mo. 
conversion was a t t a i n e d  with c a t a l y s t  I V  Ni -W,  a hydrocracking c a t a l y s t .  The highest  
y i e l d s  of naphtha and l i g h t  o i l  were a t t a i n e d  with c a t a l y s t s  I Co-Mo and V I  Ni-Co-Mo. 
Because of i t s  high sustained d e n i t r i f i c a t i o n  a c t i v i t y ,  c a t a l y s t  V Ni-Mo was se lec ted  
f o r  use i n  the  prepara t ion  of syncrude by hydrogenation of t h e  i n  s i t u  d i s t i l l a t e  
f rac t ions .  

The lowest 

Preparat ion of Synthe t ic  Crude 

The o v e r a l l  flow diagram f o r  upgrading crude s h a l e  o i l  i s  shown i n  f i g u r e  5. A 
sample of  i n  s i t u  crude sha le  o i l  was f rac t iona ted  i n  a Podbielniak Hypercal d i s t i l -  
l a t i o n  u n i t  t o  ob ta in  a 350" F end poin t  naphtha, a 350" t o  550" F l i g h t  o i l ,  a 550" 
t o  850" F heavy o i l ,  and a vacuum residuum. Residuum from t h e  f r a c t i o n a t i o n  w a s  
coked a t  atmospheric pressure  i n  a laboratory coking u n i t ,  and t h e  l i q u i d  product 
from t h e  coker was mixed with a proport ionate  amount of  f r e s h  i n  s i t u  crude shale  
o i l .  The mixture of crude s h a l e  o i l  and coker d i s t i l l a t e  was then f rac t iona ted  t o  
obta in  f r a c t i o n s  s i m i l a r  t o  those from the f i r s t  d i s t i l l a t i o n .  Residuum from the  
second d i s t i l l a t i o n  was coked and l i q u i d  product from the  coker again mixed with a 
proport ionate  amount of crude sha le  o i l .  The mixture of coker d i s t i l l a t e  and crude 
sha le  o i l  was f rac t iona ted  t o  obta in  a 350" F end poin t  naphtha, a 350" t o  550' F 
l i g h t  o i l ,  and a 550' t o  850" F heavy o i l  t o  be used a s  charge s tocks  f o r  t h e  prep- 
a r a t i o n  of synthe t ic  crude o i l .  Yields  from t h e  f i r s t  and t h i r d  d i s t i l l a t i o n s  and 
coking a r e  compared i n  t a b l e  4. Proper t ies  of the  l i q u i d  products  a r e  shown i n  
t a b l e  5. 

The 550" t o  850" F heavy o i l  from the  t h i r d  d i s t i l l a t i o n  was hydrogenated i n  a 
continuous 174-hour run. No deac t iva t ion  of the  c a t a l y s t  was evident  from analyses  
of  samples of the  l i q u i d  product taken during t h e  run,  and y i e l d s  of  l i q u i d  and 
gaseous products as wel l  a s  hydrogen consumption were constant  with time throughout 
t h e  t o t a l  t e s t .  Operating condi t ions and y i e l d s  of products  a r e  shown i n  t a b l e  6 .  
Approximately 40 weight-percent o f  t h e  heavy o i l  w a s  converted t o  products  b o i l i n g  
below 550" F, of which 23.75 weight-percent was l i g h t  o i l  bo i l ing  between 350" and 
550' F, and 9.25 weight-percent was mater ia l  b o i l i n g  between 175' and 350" F. 
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TABLE 4 . . Yields  of  products from d i s t i l l a t i o n  and coking 

F i r s t  d i s t i l l a t i o n  Final  d i s t i l l a t i o n  
Percent o f  crude ....................... Weight Volume Weight Volume 

IBP . 350° F ..................... i..... 

350" - 550" F .......................... 
550O.- 850" F .......................... 
850' F+ ................................ 
Coker d i s t i l l a t e  ....................... 
Coke ................................... 
Hydrogen ............................... 
Methane ................................ 
Ethane ................................. 
Ethylene ............................... 
Propane ................................ 
Propylene .............................. 
Isobutane .............................. 
Butane ................................. 
Butenes ................................ 
Carbon monoxide ........................ 
Carbon dioxide ......................... 
Hydrogen s u l f i d e  ....................... 

6.20 
43.71 
28.89 
21.20 
17.21 

2.83 . 01 . 26 . 17 . 02 . 22 . 11 . 06 . 09 . 09 . 02 . 03 . 08  

6.86 
45.50 
28.60 
18.94 
17.50 

. 09  . 1 4  . 13  

6.30 

34.62 
21.50 
17.30 

3.08 
.02 
.27 
.16 
.03 
.20 
.09 
.03 
.10 
.10 
.03 
.02 
.07 

37.58 
7.00 

39.24 
33.50 
19.26 
17.47 

.05 

.15 

.14 

1 

TABLE 5 . . Proper t ies  of f r a c t i o n s  from 
d i s t i l l a t i o n  of  i n  s i t u  crude s h a l e  o i l  

Original  crude F ina l  d i s t i l l  a t  ion 

c 5  . 

350" 

550" 

850" 

350' F naphtha: 
Gravi ty  ..................... a API ... 
Nitrogen ................... wt.pct ... 
Sulfur  ..................... wt.pct ... 
. 550" F l i g h t  o i l :  
Gravi ty  ..................... ' A P I  ... 
Nitrogen ................... wt.pct ... 
Sulfur  ..................... wt-pct ... 
. 850" F heavy o i l :  
Gravi ty  ...................... API ... 
Nitrogen ................... wt-pct ... 
S u l f u r  ..................... wt-pct ... 
F+ residue:  
Gravity ...................... API ... 
Nitrogen ................... wt-pct ... 
S u l f u r  ..................... wt-cpt ... 

45.4 
1.16 . 52 

34.9 
1.24 . 52 

26.8 
1.53 . 46 

11.3 
1.93 . 60 

45.8 
1.09 

.70 

35.0 
1.29 

.54 

27.2 
1.61 

.46 

11.2 
1.91 

.56 

The 350" t o  550" F l i g h t  o i l  obtained from hydrogenation of t h e  550" t o  850' F 
heavy oil was combined with t h e  350' t o  550" F l i g h t  o i l  from the  t h i r d  d i s t i l l a t i o n  
of the  i n  s i t u  crude s h a l e  o i l  and coker d i s t i l l a t e  . 
hydrogenated i n  a continuous 75-hour run . 
a r e  shown i n  t a b l e  7 . 
was converted t o  products  b o i l i n g  below 350" F. of which 15.7 weight-percent was 
naphtha b o i l i n g  between 175" and 350" F . 

The combined l i g h t  o i l s  were 
Operating condi t ions  and products y i e l d s  

Approximately 39 weight-percent of t h e  350' t o  550" F mater ia l  

~ 
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TABLE 6 . . Hydrogenation of 550' t o  850' F heavy o i l  

Operating condi t ions :  
Temperature ........................................ F ... 800 

Space v e l o c i t y  ............................... Wo/Wc/hr ... 1.0  

Hydrogen consumed ............................. s c f / b b l  ... 1. 320 

Pressure  ......................................... p s i g  ... 1. 500 

Hydrogen feed ................................. s c f / b b l  ... 5 .  000 

Yields  of products :  

C5+ l i q u i d  product .................... 
C5 . 175" F ........................... 
175" . 350" F ......................... 
350" . 550' F ......................... 
550" F+ ............................... 
Coke .................................. 
Hydrogen .............................. 
Methane ............................... 
Ethane ................................ 
Propane ............................... 
Isobutane ............................. 
Butane ................................ 
Ammonia ............................... 
Hydrogen s u l f i d e  ...................... 
Water ................................. 

Percent  of feed Percent  of crude 
Weight Volume Weight Volume 

95.20 101.68 39.55 41.94 
1.92 2.52 
9.25 10.77 

23.75 24.92 
60.28 63.47 . 1 2  
-2.24 . 77 . 87 . 88 . 30 . 47 . 90 1.36 

1.82 . 49 . 89 

.80 1.04 
3.84 4.44 
9.87 10.28 

25.04 26.18 
.05 

-.93 
.32 
.36 
.37 
.12 .19 
.37 .56 
.76 
.20 
.37 

TABLE 7 . . Hydrogenation of 350" t o  550' F l i g h t  o i l  

Operating condi t ions :  
Temperature ........................................ F ... 750 
Pressure ......................................... p s i g  ... 1. 500 
Space v e l o c i t y  ............................... Wo/Wc/hr ... 1.0 
Hydrogen feed ................................. s c f / b b l  ... 5 .  000 
Hydrogen consumed ............................. s c f / b b l  ... 1. 050 

Yields  of products :  Percent of feed Percent  o f  crude 
Weight Volume Weight Volume 

. 69 . 90 C5 - 175" F 1.22 1 .54  
175" - 350' F ......................... 15.66 17.10 8.82 10.03 

C5+ l i q u i d  product .................... 98.00 102.93 55.19 60.36 ........................... 
350" . 550" F 
Coke ......... 
Hydrogen ..... 
Methane ...... 
Ethane ....... 
Propane ...... 
Isobutane ..... 

... ... ... 
..................... 81.12 84.29 45.68 49.45 ..................... . 1 9  .11 ..................... -1.78 -1.00 ........................ . 17 .10 

. 24  .13 . 20 . 11 ........................ . 1 9  .11 

........................ ........................ 
Butane ................................ . 56 
Ammonia ............................... 1.24 
Hydrogen s u l f i d e  . 49 
Water ................................... 50 

...................... 

. 20 . 82 .32 
.70 
.28 
.28 

.17 

.49 

The 175' t o  350" F naphthas from t h e  two previous hydrogenation runs were com- 
bined with t h e  t o t a l  naphtha from t h e  t h i r d  d i s t i l l a t i o n  of i n  s i t u  crude s h a l e  o i l  
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and coker distillate. The combined naphthas were then hydrogenated in a continuous 
48-hour run. 
the conditions used, only 4.3 weight-percent of the charge was converted to products 
boiling below 175' F. 

Operating conditions and product yields are shown in table 8. 'Jnder 

TABLE 8. - Hydrogenation of 175" to 350" F naphtha 
Operating conditions: 

Temperature ........................................ F... 700 
Pressure............................ ............. psig. .. 1,500 
Space velocity ............................... Vo/Vc/hr ... 
Hydrogen feed................................. scf/bbl ... 5,000 
Hydrogen consumed.................. ........... scf/bbl ... 

1.0 

720 

Yields of products: 

C5+ liquid product.. .................. 
C5 - 175" F.. ......................... 
175" - 350" F.... ..................... 
Coke.............. .................... 
Hydrogen .............................. 
Methane...... ......................... 
Ethane..... ........................... 
Propane ............................... 
Isobutane............................. 
Butane.................... ............ 
Ammonia... ............................ 
Hydrogen sulfide...................... 
Water................................. 

Percent of feed Percent of crude 
Weight Volume Weight Volume 
99.83 102.09 20.45 23.67 
4.14 4.40 
95.69 97.69 

.01 
-1.39 

.oo 

.13 

.24 

.01 .01 

.02 .03 

.59 

.32 

.24 

.85 1.02 
19.60 22.65 

.oo 
-.28 

.oo 

.02 

.05 

.oo - . 00 - 

.12 

.07 

.OS 

Properties of the charge stocks and liquid products from the various hydrogena- 
tion runs are shown in table 9. Hydrogenation of the 550" to 850" F heavy oil under 
the conditions used reduced the nitrogen content from 16,100 ppm in the charge stock 
to 935 ppm in the 550' to 850' F fraction of the hydrogenated liquid product. Sulfur 
was reduced from 4,630 ppm to 9 ppm and the gravity increased from 27.2" API to 35.6" 
API . 

Hydrogenation of the 350" to 550" F light oil under the conditions used reduced 
the nitrogen content from 10,850 ppm in the charge stock to 79 ppm in the 350" to 
550" F fraction of the hydrogenated liquid product. 
ppm to 1.2 ppm and the gravity increased from 35.0" API to 41.5" API. 

Hydrogenation of the 175O to 350" F naphtha under the conditions used reduced 

Sulfur was reduced from 4,590 

the nitrogen content from 4,900 ppm in the charge stock to less than 1 ppm in the 
175" to 350" F fraction of the hydrogenated liquid product. Sulfur was reduced from 
3,010 pprn to 10 pprn and the gravity increased from 47.3" API to 52.6" API. 

These results indicate that nitrogen removal is considerably more efficient 
when the naphtha, light oil, and heavy oil are hydrogenated separately. For example, 
the light oil produced during hydrogenation of the 550" to 850" F heavy oil contained 
1,220 ppm nitrogen; the light oil produced by hydrogenation of the 350" to 550" F 
light oil contained only 79 ppm nitrogen. The 175" to 350" F naphtha produced during 
hydrogenation of the heavy oil contained 299 ppm nitrogen and that produced during 
hydrogenation of the light oil contained 53 ppm nitrogen, but the 175" to 350" F 
naphtha produced during hydrogenation of the naphtha fraction contained only 0.8 ppm 
of nitrogen. 

d 
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TABLE 9. - Properties of charge stocks and liquid p-r&ucts from b*;dFoRfcati!>2 runs 
- 

550°-850" F 35G0-5500 F 175'-350" F 
Hydrogenation of-- heavy oil light o i l  naphtha 

Charge stock 
Gravity ......... MI... 27.2 35.0 47.3 
Nitrogen .......... ppm... 16,100 10,850 4,900 
Sulfur............ ppm... 4,630 4,590 3,010 

Liquid uroduct 

c5 - 

175' 

350' 

550 * 

Gravity .......... API... 
Nitrogen.. ........ ppm... 
Sulfur............ ppm... 
175" F naphtha 
Gravity .......... API... 
Nitrogen.. ........ ppm... 
Sulfur............ ppm... - 350' F naphtha 
Gravity. ........ API... 
Nitrogen .......... ppm... 

Gravity ......... MI... 

Sulfur..... ....... ppm... 
Gravity ......... API... 
Nitrogen. ......... ppm... 

Sulfur ............ ppm... - 550' F light oil 

Nitrogen.. ........ ppm... 
- 850" F heavy o i l  

Sulfur............ ppm... 

37.6 
880 
9 

77.2 
3.7 
22 

53.3 
299 

9 

35.0 

8 

35.6 
935 

9 

1,220 

43.9 
70 
7 

77.6 
3.8 

7 

49.6 
53 
3 

41.5 
79 

1.2 

- - - 

53.1 
1.3 
16 

60.8 
.5 
3 

52.6 
.8 
10 

- - - 
- - - 

In table 10 the properties of the syncrude prepared from in situ crude shale oil 
are compared with the properties of a syncrude listed by the NPC. Relative amounts 
and properties of the naphthas, light oils, and heavy oils are also compared. These 
data show that the nitrogen content, sulfur content, pour point, viscosity, and ApI 
gravity of syncrude prepared from in situ crude shale oil are lower than those sug- 
gested in the NPC report. 
shale oil may be attributable in part to the lower content of butanes and butenes 
and in part to the greater volumes of materials boiling above the naphtha range. 
sulfur content of the naphtha is somewhat high, but the sulfur contents of the other 
fractions are much lower than those suggested by the NPC. 

The lower gravity of syncrude prepared from in situ crude 

The 

A summary of the yields from the various steps used in the preparation of syn- 
The overall yield of syn- crude from in situ crude shale oil is shown in table 11. 

crude waa 103 volume-percent of the original crude. 

SUMMARY AND CONCLUSIONS 

Hydrogenation tests made on the 600" to 1,000" F heavy gas oil from in situ 
crude shale oil showed that a nickel-molybdenum-on-alumina catalyst was superior to 
either cobalt-molybdenum-on-alumina or nickel-tungsten-on-alumina catalysts for remov- 
ing* ditrogen from shale oil fractions. 
was used in the preparation of a synthetic crude oil by hydrogenation of various dis- 
tillate fractions of an in situ crude shale oil. 
feedstock whose properties compared favorably to those of a "syncrude" described by 
the NPC was attained. 

This nickel-molybdenum-on-alumina catalyst 

A high yield of premium refinery 
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TABLE 10. - Comparison of NPC and i n  s i t u  syncrudes and d i s t i l l a t e  f r a c t i o n s  

Syncrude : 
Gravity ........................................ API... 
Pour poin t .  ....................................... F... 
Viscos i ty  .............................. SUS a t  100" F... 
Nitrogen... . .  ..................................... ppm... 
Sul fur  ........................................... ppm... 

Butanes and butenes... .  ........................... vol-pct. .. 
C5 - 350' F naphtha ............................... vol-pct. .. 

Gravity ......................................... API... 
Nitrogen ......................................... ppm... 
S u l f u r  ........................................... ppm... 
Aromatics. ................................... vol-pct..  . 
Naphthenes ................................... vol-pct .  .. 
Paraf f ins . . . .  ................................ vol-pct ... 

350" - 550" F d i s t i l l a t e . . . . . . . . . . . . . , . . . .  ........ vol-pct  ... 
Gravity ........................................ API... 

S u l f u r  ........................................... ppm... 
Nitrogen. ........................................ ppm... 

Aromatics .................................... vol-pct ... 
Freezing point  .................................... F... 

550" - 850" F d is t i l l a te . . . . . . . . . . . . . . . . . . . . . . . . . .  vol-pct . . .  
Gravity ......................................... API... 
Nitrogen ......................................... ppm... 

Pour p o i n t  ........................................ F... 
S u l f u r  ........................................... pprn... 

46.2 
50 
40 

350 
50 

9.0 
27.5 
54.5 

1 
<1 
18 
37 
45 

41.0 
38.3 

75 
8 

34 
-35 

22.5 
33.1 

1,200 
(100 

80 

43.9 
(3 2 
32 

250 
5 

1.7 
24.8 
54.7 

1 
8 

14 
44 
42 

48.1 
41.5 

79 
1.2 
24 

-2 9 
25.4 
35.6 
935 

9 
55 

~~ 

TABLE 11. - Sununary of y i e l d s  from prepara t ion  of  syncrude 

ProcessL'. wt-pct.. A B C D Tota ls  

- 175" F naphtha. 0.80 0.69 0.85 2.34 

350" - 550" F l i g h t  o i l . . . .  45.68' 45.68 
550" - 850° F heavy oi l . . . .  25.04 25.04 
Coke. 3.08 .05 .ll 3.24 

Methane. .27 .32 .10 .69 
.16 .36 .13 .03 .68 Ethane 

Ethylene. .03 .03 
.20 .37 .11 .04 .72 Propane 

.03 .12 .11 .26 Isobutane 
Butane. 
Butenes. 
Carbon monoxide 
Carbon d ioxide  
Ammonia 
Hydrogen s u l f i d e .  
Water. 

....... . 
- ....... - - 3 5 0  . 350" F naphtha.. .... - 19.60 19.60 - - - - 

...................... - 
Hydrogen ................... .02 -.93 -1.00 -.28 -2.19 ................... - ..................... .................. - - .................... .................. - - Propylene .09 .09 

.10 .37 .32 .79 

.10 .10 

.02 .02 

.................. - .................... - ................... - - ............ - - .03 .03 

.76 .70 .ll 1.57 
.07 .20 .28 .07 .62 

.37 .28 .04 .69 

............. - - .................... - .......... 
..................... - 

- 1/ A. D i s t i l l a t i o n  and coking. B. Hydrogenation of  550" - 850" F heavy o i l .  
C. Hydrogenation o f  350" - 550" F l i g h t  o i l .  
naphtha. 

D. Hydrogenation of  175" - 350" F 
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STEPWISE OXIDATION O F  BIOLEACHED OIL SHALE 

D. K. Young, S. Shih, and T. F. Yen 
Department of Chemical Engineering 

University of Southern Cal i fornia ,  University Park 
Los Angeles, Cal i fornia  90007 

The 8tudy of organic matter present i n  the Green River shale 
formation (Eocene Age) is of considerable geochemical i n t e r e s t  ,as 
evidenced by the  reports  in the past dealing with i so l a t ion  and 
ident i f ica t ion  of the hydrocarbon fract ion contained i n  both the solvent 
801uble organic portion ( the  bitumens) and the generally insoluble organic 
portion ( the kerogen) of the shale. 
s h a h  rampla col lected fo r  analysis, the  amount of organic matter i 8  
e8th ted  t o  be around 1%; h o m e r ,  due t o  the extensiveness of the o i l  
ahale fornution, the potent ia l  use of the entrapped organic matter, a8 a 
po8rible source of l iquid fue l ,  (ca. 1.5 t r i l l i o n  bar re l s  of known 
f.8emm8) (1) 
most e f f i c i en t  pracs88 of extract ing t h i s  re8erve. 

indu8trial invest igat ive e f f o r t s  are presently centerod around. 
ba8ic r e to r t ing  techni ue8 themselves a re  not new; they wore known 
a t  1ea8t 50 year8 ago ?2). The only indus t r ia l ly  feas ib le  adaptaticm of 

t h e  in 8 i t u  re tor t ing  process. 
coat8 of mining, crushing, transporting, and ul t imately of disposing the 
8 p n t  ahale. To date  v u i o u s  in s i t u  scheme, such as in jec t ion  of hot 
8.8 or stem, e l e c t r i c a l  discharge, and underground nuclear e x p l 0 8 h 1 ,  
ha- been conoidared i n  order t o  prwide the necessary source of heat 
t o  8 t a r t  the re tor t ing  p r 0 ~ 9 8 8  and t o  overcoma the low permeability of 
th4 fonu t ion .  E8tLPrates of the rocwery eff ic iency i 8  around 50% of 
PW organic nntter with 253 burnt fo r  the  r e to r t ing  process and another 
25% a8 unrecotterable carbon-rich residue (coke). 

A8 UI a l te rna t ive  way of re leasing the organic material, prinutily 
the kuogen portion 8ince the bitumen8 are ea8ily extracted with solvent . 
from the -a1 matrix, w8 have hvmstigated the  f ea8 ib i l i ry  of mild 
oxidative deiradation. The use of oxidation as  a t o o l  f o r  structur.1 
elucidation i 8  w e l l  documented i n  the l i t e r a t u r e  (31, a var ie ty  of 
OXidmt8 have been uoed and the s t a r t i ng  material is usual ly  a kerogen 
concutrato with a major portion of the mineral matrix -wed by can- 
contratod hydrofluoric acid treatment. In the present atudy, the #hale 
8uple ha8 beon pretreated w i t h  d i lu t e  acid (ca. 0.1 N) f o r  the  removal 
of 801uble mineral (dolomite and ca l c i t e )  only. 
a c c a ~ p ~ i 8 h e d  by leaching the shale sample w i t h  the acid modium produced 
by ru l fur  oxidizing bacter ia  as has been demonstrated in t h i s  hbara torg  
(4). The 8h.h sample, aich has undergone t h i s  bioleaching proceam, is  
about 70-752 in mineral const i tuent ,  composed largely of q u e a  and 
feld8p.r. S ta r t ing  with t h i s  'bioleached' shale, t he  release of the 
entrappod korogen w i l l  be carried out i n  mild oxidative s teps  us- 
potasbium pomnx&mnate 8 O l U t h r 1  and ozone neparatbly. Mild 8te@8e 
oxidation i 8  intended t o  prevent fur ther  fragmentation of released organic 
mattor 8ince it i 8  more reac t ive  than the  still  entrapped kerogenic material. 
Permanganate solution and ozone (5) are known t o  oxidize saturated hydro- 
cUb008, however the mode of oxidation i 8  not l i k e l y  t o  be the same. 

Depending on the  location of the 

ha8 provided the incentive f o r  industry t o  develop the 

Destructive pwOly8iS (or  re tor t ing) ,  is  the ptOCe88 where m a j o t  
Tho 

there  baric technique8 t o  the present problem of shale  O i l  recwery  i 8  
The i n  situ technique obviate8 the high 

This can a180 be 
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The basic skeletal stmcture of kerogen has been postulated to compose of 
largely -08s linked aliphatic chains (3); it would be of interest to 
capcue the effect of these two oxidants on the kerogen entrapped in 
a resistant mineral matrix. Results of the permanganate oxidation are 
presented in the rest of the report; ozone oxidation is presently in 
progress. 

EXPERIMENTAL 

The shale sample was collected from the Mahogany ledge of the 
Green River farmation and was crushed to pass a 150 mesh screen. From 
the elemental analysis the shale was estimated to contain around 13% 
organic matter by weight and the solvent extractable material, the 
bitumens, was found to be around 2%. Direct bioleaching of the raw shale 
with the acid medium of the sulfur oxidizer was not done and instead it 
was pretreated by dilute hydrochloric acid; resulting in a similar weight 
loss of 40% as compared with directly bioleached shale. The dilute acid 
treated shale WES Soxhlet extracted with a (4: 1 ) benzene:rnethanol mixture 
for 84 hours to remwe the soluble material. The hydrocarbon fraction 
from the soluble material was analyzed by gas chromatography (Hewlett- 
Packard Model 5150) an a 9 ft x 1/8 in stainless steel column, packed with 
3% SE-30 on Chrmosorb Q. The branched and cycloalkane components are 
essentially identical with early report (6). 

abwe was carried out in a fashion similar to Djuricic et ale ( 3 ) .  For 
each step 25 ml of a solution w i t h  0.08 M KMn04 and 0.2 kl KOH was wanned 
w i t h  the shale to a tern ratute of1750C. Upon completion of the oxida- 
tion the solid residue KxidLzed cdale and b02) was separated from the 
aqueous layer by centrifugation and a fresh portion of KNn04 solution 
was added to continue the oxidation. The oxidation was terminated after 
the 28th step. The shale at this point still contains entrapped organic 
matter since carbon analysis showed a carbon content of 0.83% in the 
solid residue. 

Stepwide permanganate oxidation of 10 grams of the shale treated 

The aqueous layer from each step of the oxidation was combined and 
acidification with hydrochloric acid yielded a precipitate (fraction I), 
the precipitate turned into a lustrous dark b r m  material upon drying. 
An amount of 1.24 grama of the precipitate was isolated which corresponds 
to about 7.45% of the untreated raw shale. 
further. The organic material that remained in the aqueous layer was 
isolated by first evaporating the solution to dryness with a rotary 
evaporator and then the residue was extracted thoroughly with diethyl 
ether. 
(fraction 11). 
shale. 

pyridine-dg and subjected to NMR analysis ( V a r i a n  Model TC-60) in order 
to characterize its overall structure (Fig. 1). BF3 esterification in 
methanol and subsequent heptane extraction yielded 293 mg (per gram of 
the material) of heptane-soluble esters. 
conditions mentioned above, of the heptane soluble esters is shown in 
Fig .  2 .  The identification of the unbranched aliphatic esters (both mono-, 
and di-basic) was done by use of known methyl ester standards. 
branched and cyclic carboxylic esters were inferred from the change of 
peak heights by urea clathration method which removed the unbranched esters 
to a considerable amount. 

This fraction was analyzed 

Evaporation of the diethyl ether left behind 0.39 grams of extract 
Together the two fractions constituted 9.78% of the raw 

A portion of the oxidation product (fraction I) was dissolved in 

Gas chromatography, under 

The 
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RESULTS AND DISCUSSlON 

The products of the oxidation reaction are potassium salts of 
cuboxylic acids. Intermediate products of consecutive oxidation were 
not obtained. The compounds were identified using various techniques; 
a comparison of the gas chromatograms with a collection of standard 
samples confirmed the presence of saturated unbranched aliphatic mono- 
carboxylic acids (C11-C31), saturated straight-chained aliphatic di- 
carboxylic acids (C12-C18> , and branched aliphatic (or naphthenic) 
carboxylic acid (ca. C12-C264. 
pyridine-dg solvent revealed the absence of aromatic 
it h ~ s  been shown that alkyl-substituted aromatic compounds are converted 
to aromatic carboxylic acids, one B a n  thus conclude that Green River 
lrarog~n contains little aromatic sites which is in agreement with the 
re8ults of Djuricic et al.  (3). There i s ,  however, no apparent dminance 
of the unbranched aliphatic dibasic acids as was observed by Djuricic 
and co-worker. A likely cause for this may be due to incomplete oxidation 
of the kerogen tnucleus,' since the presence of mineral (e.g., quartz, 
felddrpar and clay) that is resistant to mild chemical conditions would 
Under the oxidation of the kerogen bound to it. This is consistent 
with the drastic increase polyfunctional aliphatic acids (especially 
dicarboxplics) as aidation of kerogen concentrate progresses ( B u r l i n g u ~  
et ale> (7). 

The results of the present investigqtion indicates that oxidative 
release of the entrapped organic material in an aqueous medium is pos- 
8 ib le  without the necessity of disaggregating or dissolution of the 
re8istant mineral. Under the mild oxidative conditions used a si i- 
ficant amount of the organic matter is released as soluble acids Ea. 9.78% 
of UIa total raw shale). 
quickly ramwe the acids released, so that further oxidative degradation 
i8 prevented, a strong& oxidizing medium could be used. 

Pyrolysis of Green River shale at high temperature (-5OOOC) tend to 
yield 8- aromatic hydrocarbons (81, possibly due to rearrangement of 
aliphatic hydroc-bons. Oxidation in an aqueous medium can proceed at 
much lower temperature h75OC) while the product is mainly aliphatic in 
nature. Apparently a l l  the available organic material present can be 
released by oxidation and there is no coke formation as  in pyrolysir. 

Permanganate is not a suitable oxidant for large scale oxidation 
won though It is a very effective oxidant for analytical purposes. 
Once the ponmnganate is reduced to Mn02 there is no simple and economical 
nwthod of oxidizing it back to MnO4', besides one must be w a r y  of the 
pom8ible onvironmonta1 effects of excessive usage of a metal such an 
mang~mese. Ozone has been considered as an altarnative Oxidant, it can 
be e.aily generated from oxygen and excess ozone can be easily destroyed 
(by a catalyst) before releasing to the atmosphere as oxygen. Robinson 
et al. (9) have partially oxidized the Green River shale w i t h  ozone; 
Bitz and Nagy (10) have used ozone on coal and ketogenic materiels. 
Results of the ozonolysis of Green River shale wil l  be reported at a 
later date. 

W R  spectra of the oxidation products in 
Since 

If an efficient method can be devised to 
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CHARACTERISTICS OF SYNTHETIC CRUDE FROM CRUDE SHALE OIL  PRODUCED 

BY IN SITU COMBUSTION RETORTING 

R. E. Poulson, C. M. Frost, and H. B. Jensen 

U.S. Department of the Interior, Bureau of Mines 
Laramie Energy Research Center, Loramie, Wyming 82070 

INTRODUCTION 

The nitrogen contents of in  s i t u  crude shale oils may be smewhat lower than those of 
crude shale oils produced i n  other retorts;' however, these in  situ oils s t i l l  contain more than twice 
as much nitrogen as high-nitrogen petroleum crude ails. Because existing refineries would not be 
able to cope with the high nitrogen content of shale o i l  i f  i t  were a substantial portion of the re- 
finery feed, the National Petroleum Council (NPC) has suggested2 that crude shale o i l  be up- 
graded at  the retarting site by a catalytic hydrogenation process to produce a synthetic, premium 
feedstock called "syncrude." The production of such a syncrude from i n  situ crude shale, a des- 
cription of its bulk properties, and a comparison of its properties ta those of an NPC-type syn- 
crude have been covered by c. M. FrosP earlier i n  this symposium. 

1 

' 

T h i s  paper reports the compound-type characteristics of the syncrude produced by cataly- 
t ic hydrogenation of i n  situ crude oil. Special attention w i l l  be devoted ta the nitrogen- 
compaund types that are i n  a syncrude because i t  w i l l  be these canpounds with which a refiner 
wi l l  have to deal i f  he uses this or a similar syncrude as his refinery feed. 

In addition to reporting the nitrogen-capound types present i n  the syncrude, this paper 
w i l l  alsa report on the nitrogen types i n  intermediate hydrogenation products i n  order to relate 
t h i s  study to other ~ t u d i e & ~ ~ r ~ ~ *  which have shown that the efficacy of nitrogen removal depends 
upon the nitrogen types in the &age stock. Eurlier studies have been on pure canpounds, or on 
charge stocks spiked with pure compounds, or on nitrogen-containing stocks and have been con- 
cerned with nitrogen removals approaching 80 percent. The syncrude described i n  the present 
work represents a case approaching 95 to 99 percent nitragen removal. 

EXPERIMENTAL 

Reparation of the Samples 

The synthetic crude oi l  ( s y n c ~ d e ) ~  used in this study was prepared by hydrogenating the 
naphtha (IBP-350° F), the light o i l  (350°-5500 F), and the heavy o i l  (55O0-85O0 F) fractions that 
had previously been obtained from in s i t u  crude shale o i l  by distillation and coking of the vacuum 
residuum. The heavy o i l  used i n  t h i s  study was the 550' F+ material fran the heavy-ail hydro- 
genotion. The light o i l  was the 350' F+ material from the hydrogenation of the light o i l  fram the 
distillation step combined with the 350°-550' F material fm the heavy-oil hydrogenation. The 
175O-35Oo F heavy naphtha was the 175O F+ material from the hydrogenation of the combined 
IBP-35Oo F naphtha frm the distillation and the heavy naphthas from bath the heavy-oil and the 
light-oil hydrogenations. The C5-175' F light naphtha was the material with that boiling range 
f a  each of the three hydrogenations. 

In addition to using these four fractions i n  the characterization of the syncrude, the nitro- 
gen compounds in three intermediate hydrogenation fractions were characterized i n  order ta re- 
late t h i s  denitrification study to other such studies. These materials were the light o i l  from the 
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heavy-oi I hydrogenation, the 1 750-350° F heavy naphtha from the heavy-oi I hydrogenation, and 
the 175"-350" F heavy naphtha from the light-oil hydrogenation. 

The heavy oil, which contained nearly 90 percent of the nitrogen i n  the syncrude, was 
fractionated by liquid displacement chromatography on Florisil. The nonpolar, nonnitrogen- 
containing hydrocarbons were washed from the Florisil column with n-heptane; a very weak-base 
concentrate was displaced with benzene; and a weak-base concentrate was displaced with 
benzene-methanol azeotrope. 

Analytical Methods 

Total nitrogen values were determined with a reductive, hydrogen-nickel pyrolysis tube 
and an ammonia microcoulometer. 
fy the nitrogen compounds into weak-base (pKa -2 to +2), very weak-base (pKa +2 to +8), and 
neutral types. Infrared spectrometry1°~llr12 was used to determine the concentration of pyrrolic 
nitrogen (nonhydrogen-bonded N-H). Colorimetry1°,13r14 was used to determine pyrroles and in- 
doles with unsubstituted 01 or fl  positions. The aforementioned methods classified the nitrogen 
compounds into weak bases such as pyridines (including quinolines, 5,6,7,8-tetrahydroquinolines 
and acridines) and as arylamines (including 1,2,3,4-tetrahydroquinalines, 2,3-dihydroindolesr and 
anilines); into very weak-base pyrroles and indoles with an 01 or f l  position unsubstituted; and into 
neutral carbazoles without N-substitution. 
mass spectrometry allowed classification of the remaining nitrogen compounds into either pyrrole 
types with 01 and p positions substituted or carbazoles with N-substitution. 

Nonaqueous potentiometric titration6r9r10rll was used to classi- 

Low-voltage mass spectrometry and high-resolution 

Hydrocarbon types were estimated using the subtractive method of Poulson15rfi for the 
fractions boiling above 175" F. The hydrocarbon compound composition of the c5-175" F naph- 
tha was determined by gas chromatography. Paraffin and naphthene contents of the 175"-350° F 
naphtha and of the 350°-5500 F light o i l  were calculated from mass spectra. Liquid displacement 
chromatography on Florisil was used to determine the amount of polar material in the 550"-850° F 
heavy oi I. 

RESULTS AND DISCUSSION 

Hydrocarbon-Type Characterization 

Table I l is ts the four fractions, their weight percent of the syncrude, and their hydrocarbon- 
type compositions. The values for polar material for the two naphthas and the light o i l  are esti- 
mates based an their nitrogen contents. The polar material value for the heavy o i l  i s  based on 
the recovered weights from the Florisil separation. As shown i n  Table I, all  fractions of the syn- 
crude have appreciable amounts of aromatics after the hydrogenation even though the nitrogen 
has been largely removed. Only the heavy o i l  has a detectable concentration of olefinic 
hydrocarbons. A reference to this olefinic nature wil l  be made later i n  this paper. 

N itrogen-Type Characterization 

Syncrude Fractions.--Table II lists the microcoulometric and titration data for the four 
syncrude fractions. The 79 ppm nitrogen i n  the light o i l  was shown to be a l l  pyridine-type nitro- 
gen because i t  did not acetylate when acetic anhydride was used as the titration solvent. No 
further characterization of t h i s  nitrogen was carried aut. No acetylatable arylamines were found 
i n  this fraction or in  the heavy oil, although Brown7 found that anilines made up nearly one-third 
of the tar-base concentrate from a recycle, hydrocracked shale-oil naphtha (total nitrogen i n  the 
naphtha was approximately 1,000 ppm). In addition, SilvelJ reports that i n  denitrification of 
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TABLE I .  - Hydrocurbon types in  syncrude fractions 

wt pct Hydrocurbon type, wt pct of fraction 
Boiling of Polar 
mnge Name crude Paraffins Naphthenes Olefins Aromatics material 

175O-350" F Heavy naphtha 21 42.8 43.4 .o 13.8 < .001 
35Oo-55O0 F Light o i l  49 51.5 25.0 .o 23.5 < .01 

I/ - Includes naphthenes. 

CS-175O F Light naphtha 3 71.8 20.5 0.0 7.7 <0.001 

555O-85Oo F Heavy o i l  27 1'72.7 6.0 19.2 2.1 

TABLE II. - Microcoulometric and titration data for syncrude fractions 

Total nitrogen Nitrogen type, wt pct of nitrogen in  fraction 
Fraction in fraction, ppm Weak-base Very weak-base Neutral Arylamine 

Light naphtha (0.5 - - - - 
Heavy naphtha .8 - - - - 
Light o i l  79 100 0 0 0 
Heavy o i l  935 40.1 13.9 46.0 0 

shale gas oil, to about 80 percent removal of nitrogen, arylamines appear to build up relative to 
the other nitrogen types i n  the total product oil. 

Nitrogen Concentrates.--Table Ill lists the recovery of the heavy-oil nitrogen in  the two 
Florisil concentrates and also the concentration of nitrogen types in each of these two Concentrates. 
The weak-base and very weak-base types are determined by nonaqueous potentiometric titration, 
the neutral types by difference, the N-H types by infrared spectrometry, and the pyrrolic types by 
colarimetry. As shown i n  Table I l l ,  the Concentrate labeled very weak base has about one-fifth 
very weak-base and four-fifths neutral nitrogen compounds, and the nitrogen i n  the concentrate 
labeled weak base i s  nearly a l l  weak-base nitrogen with less than 3 percent being neutral nitrogen. 

TABLE Ill. - Nitrogen distribution i n  heavy-oil concentrates displaced from Florisil 

Recovery, wt pct of . -  . 
nitrogen in the Nitrogen type, wt pct of nitrogen i n  concentrate 

Concentrate heavy oi I N-H Pyrrolic Weak-base Very weak-base Neutral 

Very weak-base 

Weak-base 
concentrate 61.5 63.4 6.8 0.0 19.8 80.2 

concentrate 38.4 2.3 (0.01 97.4 .o 2.6 

Very Weak-@use Nitrogen Concentrote.--Table IV i s  a summary of the data obtained 
from low-voltage mass spectrometry and from high-resolution mass spectrometry on the very weak- 
base concentrate from the Florisil separation. The absence of any titratable weak bases (Table 111) 
allows an assignment of very weak-base or of neutral nitrogen types to the Z series ions as shown 
in  Table IV. The names of the very weak-base nitrogen compounds reflect only the degree of hy- 
drogen deficiency necessary to yield the proper Z series. The requirements for the proper Z series 

I 
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TABLE IV. - Mass spectral data for very weok-base concentrate 

Percent of 
Z series Compound type ionization 

- 5  Cy cloa I kanopyrroles <1 
- 7  Di cycloal kanopyrroles 6 
- 9  Indoles 7 
-1 1 Cycloalkanoindoles 3 
-1 3 Dicycloalkanoindoles 13 
-1 5 Carbazoles 54 
-1 7 Cyclca I kanocarbazoles 17 
-1 9 Dicycloalkanocarbazoles ( 1  

could be met by having olefinic bonds in  either the cycloalkano rings or in  an alkyl substituent on 
the ring system. For example, the Z = -13 labeled as dicycloalkanoindoles could also be correct- 
ly labeled as monocycloalkenoindoles. The inclusion of an o le f i n i cbnd  in the molecule i s  rea- 
sonable when one c o n s i d x t  6 percent of the heavy o i l  hydrocarbon molecules are olefinic 
(Toble I). 

Interpretation of these mass-spectral data in  Table IV combined with the titration data 
from Table Ill ollows additional inference concerning the charocteristics of the nitrogen compounds 
present in the very weak-base concentrate. The sum of the compound types listed as pyrroles and 
indoles (Z= -7, -9, -11, and -13) amounts to 29 percent of the total. These compound types have 
been shown" to give very weak-base titers of about 70 percent of theoretical; thus it oppears 
likely that the 19.8 percent titer for very weak bases i n  Table Ill may come from the titration of 
the pyrroles and indoles in t h i s  concentrate. In addition, they are not N-substituted because N- 
substituted pyrrole-type nitrogen titrates as weak-base nitrogen, and there i s  no weak-base titer 
for this concentrate. 

A further characterization of these pyrrole-type nitrogen compounds i n  the very weak- 
base concentrate can be made by using the colorometric pyrrolic nitrogen value of 6.8 percent 
(Table 111) as the value for &-unsubstituted pyrrole-type compounds. This leaves 22.2 percent 
of the nitrogen in pyrroles and indoles which have both a- and 0-substitution. The 
unsubstituted pyrroles and indoles also have no N-substitution because these N-substituted cam- 
pounds would t i t rak as weak bases and not as very weak bases. This finding of no N-substitution 
on the pyrroles and indoles i s  consistent with the research of Jacobson's,'9 who reported that N- 
alkylpyrroles and N-alkylindoles thermally and irreversibly isomerize to give the a and @ alkyl 
isomers and therefore would not l ikely be present in crude shole oil. 

Table Ill shows that 63.4 percent of the nitrogen i n  the very weak-base concentrate i s  
N-H nitrogen. Of this 63.4 percent of the nitrogen, 29 percent has olreody been characterized 
as being in  pyrroles and indoles without N-substitution. This leaves 34.4 percent of the nitrogen 
to be in  carbazoles without N-substitution. Table IV shows that 71 percent of the nitrogen i s  i n  
carbazole-type compounds, and if 34.4 percent has no N-substitution then 36.6 percent has N- 
substitution. Table V i s  a summary of these findings. Thus we see that one-third of this concen- 
trate i s  one- and two-aromatic-ring heterocyclics and two-thirds i s  three-aromatic-ring 
heterocyclics. 

Weak-Base Nitrogen Concentrate.--Table V I  i s  a summary of the mass spectral data 
on the weak-base concentrate. As was true fbr the very weak-base fraction, the compound types 
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TABLE V. - Summary of nitrogen types in  the very weak-base nitrogen concentrate 

Nitrogen-type compounds Percent of fraction 

Pyrroles or indoles with either a or @ positions 
6.8 unsubstituted; no N-substitutions ............................... 

Pyrroles cw indoles with substitutions i n  both a 
and B positions; no N-substitutions.. ............................ 22.2 

Carbazoles with no N-substitution ................................ 34.4 
Carbazoles with N-substitution ................................... 36.6 

TABLE VI. - Moss spectral data for weak-base concentrate 

Percent of 
Z series Compound type ionization 

- 5  Pyridines 35 
- 7  Cyclaalkanopyridines 25 
- 9  Dicycl wl kanopyridines 12 
-1 1 Quinolines 13 
-1 3 Cycl aa I kanaqui no1 ines 8 
-1 5 Di cycl aa I kanoqui no1 ines 3 
-1 7 Acridines 4 
-1 9 Cyclaalkanaacridines <1 

reflect only the degree of hydrogen deficiency necessary to achieve the proper Z series; and, l ike 
Table IV, this hydrogen deficiency could be achieved by olefinic bonds in  the molecule. We can 
see frun Table 111 that nearly a l l  (97.4 percent) of the nitrogen i n  this concentrate titrates as 
weak-base nitrogen; hence the compcund types listed i n  Table V I  are generally consistent with 
that titration. However, Table Ill does show that 2.3 percent of the nitrogen i n  this fraction ex- 
hibits an N-H character. Because there i s  no weak-base titer, it can be assumed that this N-H 
character i s  i n  carbazoles either i n  the Z = -1 5 or -17 series. This indicates that there was sane 
?ailing of the carbazoles into the weak-base froction. Contrasted to the ring structures i n  the 
very weak-base fraction i n  which one-ring and two-ring structures accounted for only one-third 
3f the fraction and three-rim structures two-thirds, the weak bases are composed of two-thirds 
me-aranatic-ring structures and one-third two-ring and three-ring structures. Dinneenm also 
showed this preponderance of one-ring materials i n  a shale-oil gas o i l  as did Poulson'O i n  a shale- 
o i l  l ight distillate. 

Characterization of Intermediate Fractions. --Nonaqueous potentiometric titration was 
used to characterize the nitrogen compounds i n  three, intermediate fractions from the production 
of h e  syncrude. Table VI1 lists these three fractions, their source, and the results of the titra- 
!ions. Also listed i n  this table are the syncrude fractions produced during h e  hydrogenation. 

The fyrst fraction listed i s  the 550° F+ heavy o i l  produced by hydrogenation of the 550"- 
8 5 0 O  F heavy o i l  from distillation and coking of the i n  s i tu  crude oil. This i s  the same fraction 
listed in Tables I and II as the syncrude heovy o i l  froction. The second fraction listed in Table 
VI1 i s  the 350"-550" F light o i l  produced i n  the foregoing hydrogenation and the third fraction i s  
the 175"-350" F heavy naphtha produced i n  the same hydrogenation. 
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TABLE VII. - Microcoulorneter and titration data for selected, 
intermediate and syncrude fractions 

Total nitrogen Nitrogen type, wt pct of nitragen in fraction 
Fraction in  fraction, ppm Weak-base Very weak-bas Neutral Arylamine 

Heavy-oi 1 hydrogenation 

Light o i l  1,220 78.7 11.5 9.8 1l12.3 

Light-oil hydrogenation 

Heavy o i l  935 40.1 13.9 46.0 0 

Heavy naphtha 299 100.0 0 0 0 

Light o i l  79 100.0 0 0 0 
Heavy naphtha 53 100.0 0 0 0 

1/ Included in  weak-base nitrogen. - 
The fourth fraction in  Table VI1 i s  the 350"-550° F light o i l  produced from the hydrogena- 

tion of the 350"-550° F light o i l  resulting from the distillation and coking of the i n  situ crude to 
which had been added an aliquot amount of the light o i l  shown as the second fraction in Table VII. 
The fifth fraction i s  the 175"-350" F heavy naphtha from this hydrogenation. Only the second, 
third, and fifth listed fractions are intermediate fractions; the first and fourth are final, syncrude 
ones. 

There are three purposes i n  showing the data in  Table VII. First, i t  i s  evident that when a 
shale-oil stock i s  hydrocracked to lower bailing material, the nitrogen content of the lower boil- 
ing fraction i s  higher than when that same boiling-range material i s  hydrogenated; for example, 
the light oi l  from the heavy-oil hydrogenation has 1,220 ppm nitrogen whereas the light oi l  from 
the light-oil hydrogenation i s  only 79  ppm nitrogen. Second, the light o i l  fram the light-oil hy- 
drogenation ond both of the naphthas have only weak-base nitrogen, and this i s  a l l  pyridine type 
because none of these fractions contains acetylatable amines. And, third, the light o i l  from the 
heavy-oil hydrogenation has arylamine-type weak bases, neutral nitrogen compounds, and very 
weak bases as well as pyridine-type weak bases. These data indicate that an unspecified but 
appreciable amount of hydrocracking can and does precede denitrification reactions. In general, 
arylamines are not found i n  appreciable concentrations in shale-oil distillates, but are presumed 
to be produced by hydrogenation of a five-membered nitrogen ring to give a 2,3-dihydroindole- 
type arylaimine and by hydrogenation of o sixmembered nitrogen ring to give a 1,2,3,4-tetrahy- 
droquinoline-type a~ylarnine.~,~,~,'~ Cracking of t h i s  saturated, nitrogen-containing ring with the 
nitrogen remaining attached to the aromatic moiety results in  an aniline-type arylamine. The 
presence of arylamines in  the light-oil fraction from the heavy-oil hydragenafion i s  consistent 
with Silver's5 finding them in the total product frorn shale gas oi l  hydrogenation at nitrogen re- 
movals approaching the 80-percent level. The fact that the arylamines are not in either of the 
naphtha materials shown in Table VI1 nor in the naphthas shown in Table I I  indicates that aryl- 
amines are converted to hydrocarbons and ammonia when nitrogen conversion approaches 95 
percent. 

SUMMARY 

The synthetic crude was produced by hydrogenating the IBP-350" F naphtha, the 350"- 
550" F light-oil, and the 550"-850° F heavy-oil fractions obtained from i n  s i t u  crude shale oi l  by 
distillation followed by coking of the 850" F t  residuum. Characterization of the syncrude was 
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accomplished by examining the following fractions: (1) C5-1750 F light naphtha, (2) 175O-35Oo F 
heavy naphtha, (3) 350°-550" F light oil, and (4) 55Oo-85O0 F heavy oil. 

The light naphtha comprised 3 percent of the syncrude and contained 72 percent paraffins, 
20 percent naphthenes, 8 percent aromatics, and less than 0.5 ppm nitrogen. The heavy naphtha 
comprised 21 percent of the syncrude and contained 43 percent paraffins, 43 percent naphthenes, 
14 percent aromatics, and less than 1 ppm nitrogen. The light o i l  comprised 49 percent of the 
syncrude and contained 51 percent paraffins, 25 percent nuphthenes, 24 percent aromatics, and 
79 ppm nitrogen. The heavy oi l  comprised 27 percent of h e  syncrude and contained 73 percent 
saturates, 6 percent olefins, 19 percent aromatics, 2 percent polar compounds, and 935 ppm 
nitrogen. 

The nitrogen compounds in  the two naphthas were not characterized. The nitrogen in the 
light oi l  was shown to be pyridine-type nitrogen with no detectable arylamine-type nitrogen. 

The nitrogen compounds i n  the heavy oi l  were shown to be 40 percent weak-base, 14 per- 
cent very weak-base, and 46 percent neutral compwnds. Mass spectrometry was used ta classify 
the weak bases as 72 percent pyridines (one arunatic ring), 24 percent quinolines (two aromatic 
rings), and 4 percent acridines (three aromatic rings). Mass spectrometry combined with infrared 
analysis and pyrrolic-nitrogen determination were used to classify the very weak-base and neutral 
nitragen compounds as 7 percent pyrroles or indoles with either or both of the CY and j3 positions 
open and not N-substituted; 22 percent pyrroles or indoles with substitution on both a and j3 posi- 
tions but no N-substitutions; 34 percent carbazoles with no N-substitutions; and 37 percent N- 
substituted Carbazoles. 

In addition to characterizing the four fractions of the final syncrude product, three inter- 
mediate fractions were also characterized. The heavy naphtha from the light-oil hydrogenation 
and the heavy naphtha fram the heavy-oil hydrogenation bath contained characterizable amounts 
of nitrogen compounds. These were shown to be weak bases of the pyridine type. The light ai l  
from the heavy-oil hydrogenation had the greatest concentration of nitrogen of any of the fmc- 
tions examined, 1,220 ppm. Nonaqueous titration showed these nitrogen compounds to be 66 per- 
cent weak-base pyridines, 12 percent weak-base anilines (arylamines), 12 percent very weak 
bases, and 10 percent neutral compounds. This material contained the only evidence of aryl- 
amines in  the product fram these hydrogenations, which represent removals of 95 to 99.9 percent 
of the nitrogen of the charge stack. 
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KETORTING INDEXES FOR OIL-SHALE PYROLYSES FROM 

ETHYLENE-ETHANE RATIOS OF PRODUCT GASES 

I. A. Jacobson, Jr., A. W. Decora, and G. L. Cook 

U.S. Department of the Interior, hreau of Mines 
Laramie Energy Research Center, Laramie, Wyoming 82070 

INTRODUCTION 

The production of shale o i l  from oil shale i s  currently practical only by theha l ly  decom- 
posing (retorting) the organic materials in  the shale and collecting the liquid products. 
gations to develop processes for retorting oi l  shale have resulted in many proposed designs for the 
equipment. However, to maintain control of any of the processes, measurements of appropriate 
input and output parameters are required to indicate conditions during the decomposition and the 
subsequent collection of products. The direct measurement of retort temperatures i s  not always 
possible, Flow rates through the retorts give only an indirect measure of residence times for mate- 
rial i n  the heated zones. Both residence times and temperature are important control parameters-- 
related to economy of operation and quality of product. 

Investi- 

The pyrolysis of oil-shale kerogen i s  a very complex reaction or group of reactions that 
results i n  the production of a myriad of hydrocarbons and hydrocarbon derivatives. These products 
range from compounds containing one carbon atom per molecule (methane) to compounds con- 
taining greater than 30 carbon atoms per molecule. It i s  not currently feasible to set forth the 
mahematical relationships of the pyrolysis reactions with great certainty. This inability to set 
down the exact mathematical relationships of the overall pyrolysis reaction should not preclude 
the gleaning of certain useful empirical data that can be used to assist in the interpretation or 
control of the retorting processes. 

Shale-oil production by thermal decomposition of the organic material in the shale has 
been described as a pseudo first-order process.',* In a practical process the shale i s  heated to the 
maximum temperature over a finite period of time. The products of retorting remain in  a heated 
zone for varying periods of time. The nature of the products depends on both the temperature 
range over which thermal decomposition takes place and on the residence time of the products in 
a hot zone. Temperature measurements in  a retort are not readily related to the product even if 
coupled with flow rates through the retort. This paper develops a parameter that combines the ele- 
ments of temperature and residence time into a single number that can be used to indicate instan- 
taneous retorting conditions or can be used to compare various thermal processing techniques for 
o i l  shale. 

The parameter developed for comparison or control of the retorting process has h e  dimen- 
sion of temperature. It could be defined as an "effective temperature" or a "Retorting Index." In 
the laboratory this index was developed by relating the ethylene/ethane ratio in  the product gases 
from re?orting of shale to a measured temperature in  the retorting zone. Residence times of the 
products i n  the hot zone were nearly constant. In a commercial-size retort, residence times could 
vcry over wide ranges. Residence time variation causes a change i n  the observed ratio. The cal- 
culated parameter also changes and SO reflects the changing retorting coqditions. Application of  
the porameter to Fischer assay retorts, gas combustion retorts, and to entrained solids retorts i'; il- 
lustrated with examples. The easily calculatable Retorting Index i s  applicable to i n  s i t u  retorting 
as well as those retorts used as examples. 
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EXPERIMENTAL PROCEDURE 

Equipment 

The equipment consists of an electrically heated quartz tube 2.1 -cm i.d. by 83.8-cm 
long with 24/40 standard taper joints at the ends. A section of the tuba, 15-m minimum length, 
43-crn from the inlet was heated to the desired retorting temperature. Heating was accomplished 
by a three-unit tube furnace, and the temperature was maintained by potentiometer controllers. 
Oil-shale samples were contained in a 1.25-cm by 7.62-cm boat made from stainless-steel screen. 
The sample boat was moved in  and out of the retorting zone by means of a 1 -mm stainless-steel 
rod which extended from the boat out through the quartz tube inlet. 

A tube receiver, a U-tube trap, and an evacuated gas receiver made up the product c01- 
lection system. The receiver and U-tube were cooled with liquid nitrogen when nitrogen was 
used for the sweep gas and with dry ice when oxygen was used in  the sweep gas for oxidative re- 
torting runs. Pressure 
i n  the retorting section, as monitored by an open-end manometer, was maintained at atmospheric 
pressure by venting gases from the U-tube through a stopcock into the gas collection system. 

Sweep gases into the retort tube were metered through a metering valve. 

Oi I-Shale Samples 

Oil-shale samples from Colorado, Wyoming, and Utah were used in  this study. The sizes 
of the o i l  shale used were (A) 20 to 30 mesh, (B) 10 to 14 mesh, (C) 1/8 i n  to 30 mesh, and (0) 
1/4 i n  to 1/2 in. Most of the retorting work was performed on size C shale. Three different 
Colorado oil-shale samples were obtained from the Bureau of Mines mine at Rifle, Colorado and 
assayed 53.8, 52.5, and 22 gpt. The 53.8-gpt o i l  shale had been ground to sizes A and C, the 
52.5-gpt shale ground to size D, and the 22-gpt shole ground to sizes B and C. Wyoming oil-shale 
samples were a 12.4-gpt sample from a Washakie &Isin, Sweetwater County corehole and 13.4-, 
19.9-, 30.5, and 34.4-gpt shales frwn the kreau of Mines Rock Springs site 6, well No. 6-2 
core. The Utah shales were from the Gulf Evacuation No. 1 core drilled by Gulf Minerals, and 
the shale samples assayed 14.5, 20.3,29.0, and 42.7 gpt. A l l  of the Wyoming and Utah oi l  
shales had been ground to size C. A summary description of the oil-shale samples used i s  pre- 
sented in  Table I .  

TABLE I. - Description of oil-shale samples used in the procedure 

Sample 
mesh size 

1 Colorado 53.8 20 to 30 mesh 
2 do. 53.8 1/8 i n  to 30 mesh 
3 do. 52.5 1/4 in  to 1/2 in  
4 do. 22.0 10 to 14 mesh 
5 do. 22.0 1/8 in  to 30 mesh 
6 Wyoming 34.4 do. 
7 do. 30.5 do. 
8 do. 19.9 do. 
9 do. 13.4 do. 

10 do. 12.4 do. 
11 do. 42.7 do. 
12 do. 29.0 do. 
13 do. 20.3 do. 
14 do. 14.5 do. 

1/ 
Sample Geographical 

No. source Asmy, gpt- 

1 - 
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Pyrolysis Procedure 

Temperature profiles of the reaction tube were determined by measuring the temperature 
inside the tube at 2.54-on intervals with a thermocwple and potentiameter with sweep gas 
flowing. Determination of temperature profiles was performed only when work at a new tempera- 
ture was begun. The temperature a t  which the furnace was set remained constant and the temp- 
erature h r ia t i on  at any point within the quartz tube would fluctuate *2" C (3.6" F) maximum. 

In making a retorting run, about 7 grams of o i l  shale were weighed into the sample boat, 
and the boat was placed a t  the inlet of the cold reaction tube. The entire retorting system was 
flushed by evacuation and fi l l ing several times with the intended sweep gas. Both the receiver 
and U-tube trap were cooled and the sweep gas flow adjusted to the desired rate and the vent 
opened to the atmosphere. 

The furnace was then turned on and allowed to come to temperature. After retorting temp- 
erature was reached, the sample boat was moved into the retorting zone and kept there for 20 to 
25 minutes to insure complete retort iq. The boat was then moved back to the inlet, and the fur- 
nace turned off. To insure complete collection of the gaseous products, 90s collection was started 
10 minutes before the furnace reached temperature and continued for 10 minutes after the furnace 
was turned off. The coolant baths were removed from the receiver and U-tube trap, the traps were 
warmed to room temperature, and any liberated gases were swept into the gas collection system. 
When the retorting run was finished, the pressure i n  the gas collection system was measured and 
the shale o i l  and spent shale were weighed. 

For the cracking runs the sample boat was not placed os far down the reaction tube. For 
these tuns the boat position was generally 15.24-an upstream from the "normal" position, and the 
retorting temperature was about 1 OOo to 1 50" F lower. 

The maiority of the retorting tuns were made with a nitrogen sweep through the retort tube. 
Gas flow was maintained at 2.5 standard cd/min (superficial space velocity of 0.023 fq/miq/ft2). 
Several runs were made with the nitrogen flow increased to 20 standard cm3/min (superficial space 
velocity of 0.1 9 fG/min/f?). In addition to these bosic retorting runs, others were made using air 
and nitrogen as sweep gas with the oxygen content varying from 3 to 21 percent and a total gas 
flow of 2.5 to 20 standard cm3/min, steam and nitrogen as the sweep gas with the nitrogen flow at 
2.5 standard m3/min and a steam rate of 1 g/min. 

Gas Analyses 

Gas analyses were performed by gas liquid chromatography (GLC) using a 1/8-in 0.d. by 
1 0-ft stainless-steel column packed with 150 to 200 mesh Porapak Q. GLC operating conditions 
were a helium flow of 18 cm3/min and oven temperature programed from 50" to 1 80" C at 4 O  C/ 
min. Detection was by then.ial conductivity. For quantitative analyses the GLC peak areas were 
corrected for molar response by the method of Messner.a 

RESULTS AND DISCUSSION 

Table 11 i s  a tabulation of the recoveries and ethylene-ethane ratios for retorting runs per- 
formed a t  1,064.4" and 1,257.5" F. These data show the type of recovery experienced during the 
work. It i s  felt that most of the loss was due to nonrecovery of liquid, which condensed in inoc- 
cessible parts of the system. As can be seen, the ethylene-ethane ratio changes when the retort- 
ing temperature changes. 

J 
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The change i n  ethylene-ethane ratio i s  not linear with change i n  temperature. A linear 
relationship can be obtained by using logarithm of the ethylene-ethane ratio and reciprocal of the 
temperature. Other combinations of saturates and unsaturates, while showing similar changes with 
temperature, cannot be transformed to linear relationship as readily. 

When a linear least-squares regression of the log (ethylene/ethane) with reciprocal temp- 
erature i s  performed, the resulting regression equation has a coefficient of determination (100 ?) 
of 95. This means that al l  but 5 percent of the variation of log (ethylene/ethane) can be ex- 
plained as reciprocal'tempemture dependence. Data from retorting runs on oi l  shales from differ- 
ent locations, of different particle size, and of different assay richness were included i n  the 
regression. 

The regression equation so derived i s  

1) -- lrooo - 0.8868 - 0.4007 log (ethylene/ethane). 
T 

where T = temperature, O F .  When Equation 1 i s  recast for the prediction o f  the Retorting Index, it 
I S  

RI = T = 1,000/[0.8868 - 0.4007 log (ethylene/ethane)]. 2) 

When ethylene and ethane ore determined with a 2 percent accuracy, i t  i s  possible to calculate 
the Retorting Index to * 2 5 O  F (95 percent confidence). 

Oxygen was added to the sweep gas to determine its effects, i f  any, on the ethylene/ethcne 
ratio. Total amounts of oxygen had to be kept low so the exothermic oxidation reactions would 
not upset the thermal balance i n  the retorting zone by increasing the shale temperature above the 
hrrnace temperature. In Table Ill are listed the results from the retorting runs made with added 
oxygen. These runs were made at 1 , 1 8 7 O  F using the 53.8-gpt, size C, Colorado o i l  shale. When 
the Retorting Index i s  calculated for the oxidation retorting runs, it i s  not significantly different 
from the furnace temperature. This shows that the presence of oxygen i n  the sweep gas has no ef- 
fect on the Retorting Index. A similar conclusion can be drawn from the one retorting run where 
steam was included in  the sweep gas. 

Table Ill also l i s t s  data obtained from the cracking runs. These data produce a Retorting 
Index which generally i s  higher than the retorting temperature. The retorting temperatures for 
these runs were looo to 150° F lower than the furnace temperature. This apparent anomaly can 
be readily explained. Both ethylene and ethane production in  retorting and cracking are con- 
trolled by the laws of kinetics. The ethylene-ethane ratio i s  increased i n  a thermal cracker by 
increasing the temperature. The ratio can also be increased by holding the temperature constant 
and increasing the residence time. The same temperature-residence time control of the ethylene- 
ethane ratio i s  found i n  oil-shale retorting. Therefore, increasing the temperature with a small 
decrease in  residence time or holding the temperature constant with an increase in residence time 
w i l l  increase the ethylene-ethane ratio, and the products of retorting w i l l  be essentially the same 
in either case. In most retorts the retorting products are i n  the high-temperature zone for only a 
small fraction of a second before they are swept to a cooler temperature. When the retort prod- 
ucts were cracked in  the bench retort, they spent a longer time i n  the high-temperature zone so 
more cracking could take place. Consequently, the products are the same as if they were pro- 
duced at a higher temperature. Because we cannot determine the residence time for the retorting 
process, the composition of the retort products i s  compared to temperature and a higher Retorting 
Index i s  correct. 

\ 
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For further information on the validity of the Retorting Index, the calculations wi l l  be ap- 
plied to data from four different retorting methods. Table 1V l i s t s  the reported retorting tempera- 
ture, ethylene-ethane ratio, and Retorting Index for (A) Fischer assay, (B) gas combustion, and x (C) entrained solids retorting. 

I 

c 

TABLE IV. - Reported retorting temperatures and Retorting Indexes 

Reported Retorting 
Wt pct ratio, retorting Index, 

Retort ethylene/ethane temp, OF O F  

Fischer assay 0.3107 932 91 8 
.2585 932 892 
.3472 932 934 
.2933 932 909 

1/.4338 932 969 

Entrained solids, stear+ 2/ 1 .a884 1,000 1,287 
2.3494 1,100 1,353 
3.8667 1,200 1,532 
5.5556 1,300 1 , 695 
6.6316 1,400 1,787 
9.621 6 1,500 2,020 

12.9153 1,650 2,252 

Entrained solids, steam + air- 2/ 5.3243 1 1,085 1 , 674 
8.4408 1,205 1 , 932 
5.2889 1,230 1,670 

12.9937 1,295 2,258 
13.5381 1,315 2,294 

6-tan/dayf Run 31 1 -C 1 .moo 4/1 ,400 1,273 
1 50-ton/dayI Run 25-1 1 .moo 5/1,310 1,206 

Gas cambustiort 3/ 

1 50-ton/dayf Run 25-3 .5333 2'1,625 1,004 

1/ Reference 5. 
'I/ Reference 9. 
3/ Reference 7. 
?,/ Maximum bed temperature. 
- 5/ Maximum distributor tempemture. 
- 

Fischer Assav 

Ethylene-ethane ratios are listed for five Fischer assay runs. Four were reported in intra- 
Bureau reports, and the fifth was reported by G ~ o d f e l l o w . ~  The Retorting Index for these data 
cluster around the 932" F point, which i s  the maximum temperature used i n  the assay. In Fischer 
assay the o i l  shale i s  heated at  a relatively slow rate to the maximum temperature of 932" F.. 
Variation in heating rate could easily affect the Retorting Index. 

Gas Combustion 

Results from three gas-combustion retort runs7 are reported. These data are for one run of 
the 6-ton-per-day retort and two tuns of the 150-ton-per-day retort, and the reported temperatures 
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are for maximum bed temperature and maximum distributor temperature, respectively. 
distributor temperature i s  the highest combustion temperature in the retort and does not give an 
indication of the temperature of retorting any more than the maximum bed temperature does. Here 
the use of the calculated Retorting Index gives a meaningful value for a temperature of retorting. 
Reported yield data follow more closely with the Retorting Index than the maximum distributor or 
maximum bed temperature. 

Maximum 

Entrained Solids 

Retorting Indexes calculated from the data from the Eureou of Mines entrained-solids re- 
tort' deviates greatly from reported retorting temperatures. 
new regression equations that have essentially the same slope as Equation 1, but different inter- 
cepts. One equation would be for the steam only entrainment, and the other for steam plus air 
entrainment. The fact that the entrained-solids retort data give regression equations with essen- 
tially the same slope as was obtained from the laboratory doto indicates that the same kinetic 
mechanism producing ethylene and ethane i s  applicable. The steam-entrainment data show a 
higher ethylene-ethane ratio and therefore a higher Retorting Index because of the effect of resi- 
dence time in the retort. The retort products i n  this retort have to pass through about 35 feet of 
heated retort, which would give the products a residence time of several seconds. This i s  consid- 
erably longer than the contact time found in most other types of retorting. A t  1,000" F, for exam- 
ple, the residence time in the entrained-solids retort i s  about 2.5 to 3 seconds os compared to less 
than 0.5 seconds estimated for the bench retort. Severe cracking of the retorted products takes 
place in the entrained-solids retort producing final products that appear to have been made at a 
higher temperature, hence a higher Retorting Index. This argument i s  also borne out by the in- 
creased aromaticity of the oi l  produced in the entrained-solids retort. The steam plus air retorting 
data show even higher Retorting Index than the steam-entrained data because of the added heat 
from the exothermic, oxidation reactions. 

In fact, i t  i s  possible to calculate two 

1 0-Ton Aboveground Retort 

Two retorting runs of the 1 0-ton aboveground retor$-4 provided the necessary data (unpub- 
lished) to  allow the calculotion of Retorting Indexes. Temperatures of the shale bed were measured 
every 5 hwrs with thermocouples placed at a b w t  18-in intervals in bed depth. Gas analyses were 
performed at the same time. Retorting run 28 had an average maximum bed temperature of 1,020.9" 
F and an average Retorting Index of 1,070.90 F. This run suffered from extreme channeling re- 
sulting in a retorting rate of 2.28 ft/day. In this retorting run the calculated Retorting Index fol- 
lows quite closely the maximum bed temperature. Retorting run 29 had no channeling, and i t s  re- 
torting rate was 1.59 ft/day so that the shale bed could soak and obtain a higher temperature. 
For this tun the Retorting Index i s  lower than the maximum bed temperature. The average Retort- 
ing Index was 964.7" F, and the average maximum bed temperature was 1,180.3O F. 

SUMMARY 

A method of calculating a Retorting Index for oil-shale retorting has been presented. The 
method utilizes the relative amounts of ethylene and ethane in the retort gas and allows the deter- 
mination of the Retorting Index or effective retorting temperature to *25" F. Calculation of the 
Retorting Index i s  possible for aboveground and in s i t u  retorting. Factors such as particle size, 
rate of heating, and oil-shale assay have no apparent effect on the Retorting Index. Because of 
the kinetics involved, such things as retort product residence time and cracking are reflected i n  
the Retorting Index. Thus, the Retorting Index wil l be more nearly associated with retort-product 
composition than such things as maximum temperature of the oil-shale bed. 

1 
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THE OXIDATION OF A BITUMEN IN RELATION TO ITS 
RECOVERY FROM TAR SAND FORMATIONS 

Speros E. Moschopedis and James G. Speight 

Research Council of Alberta 
11315 - 87 Avenue 

Edmonton, Alberta, Canada 
T6G 2C2 

The bitumen present in the Athabasca tar sand i s  a viscous material with a specific grav- 
ity of  approximately 1.03, a viscosity a t  reservoir temperature, i.e. , about 5' to 8OC, of  sev- 
eral thousand centipaises and i s  generally located under an overburden ranging in  thickness from 
a few feet to 200 or more feet in depth. The bitumen itself does not generally command a very 
high price and ik separation and recovery must involve a minimum of expenditure in order to be 
economically attractive f a  commercial practice. If conventional mining forms one of the pri- 
mary steps in  the process for recovering bitumen from the sand, i t  is desirable to find locations 
where the overburden i s  light, i. e., up to  80 feet, and where the bituminous sand i s  relatively 
thick, i.e., about 150 feet. In regions where the overburden i s  in  excess of  150 feet, the con- 
ventional strip mining method i s  impractical, and in  situ methods have to be developed to  reduce 
the costs. 

Various methods have been attempted and proposed for the in situ extraction and recov- 
ery of  o i l  and bitumen from formations such as the Athabasca tar sand but the maiority have been 
found to be either ineffective in actual f ield operations or require the use of significant amounts 
o f  relatively expensive chemicals. Therefore, an in situ recovery method using inexpensive 
chemicals and simple chemical reactions to modify asphaltenes and resins in the bitumen frac- 
tions which would in turn act as emulsifying agents, would be desirable. Previous investigations 
in this laboratory on the chemical modification of  Athabasca asphaltenes, in  particular the work 
dealing with water-soluble derivatives (1 ,2) and oxidation of the bitumen fractions (3) prompted 
an investigation into a process for in situ recovery of bitumen from the sand. The results of our 
previous investigation (3) presented briefly here for convenience and illustrated in the Figure, 
showed that some fractions of the bitumen are more susceptible to oxidation than others and it 
was believed that in  situ oxidation of the bitumen per se and subsequent treatment with alkal i  
solutions of sulfites and/or bisulfites would result i n e r - s o l u b l e  sulfonated derivatives of 
these fractions which would then act as emulsifying agents for dispersion and emulsification of 
the remaining bitumen and hence a id  in its transportation to a production well. 

EXPERIMENTAL 

Oxidation of the bitumen with oxygen: 

A weighed amount of dry bituminous material (ca. 50 ml) was placed in a 100-ml round 
bottomed flask, f i t ted with a reflux condenser, and heated in a metal bath. Oxygen was passed 
into the bitumen f a  varying periods of time after which the product was allowed to cool and 
shaken wi th  0.1 M aq. NaOH for 24 hr. The alkaline solution was acidified to  pH 2.0 and ex- 
tracted wi th  methyl ethyl ketone; soluble products were recovered by evaporation of the solvent. 
The results are illustrated i n  the Figure. 
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Oxidation of the bitumen on the sand: 

i 

(a) With oxygen and air 

Athabasca tar sand (50 gram) Was placed in each of four columns and oxidized at 4OC 
with oxygen and/or air (6 cu. ft./hr.) for 240 hours. The oxidized tar sand was then extracted 
a t  4°C for 96 hours with aqueous solutions of sodium hydroxide and sodium sulfite and bitumen 
was recovered by acidulation and extraction of the resulting solutions with methyl ethyl ketone. 
The results are presented in Table 1. 

(b) With ozone 

A horizontal column, 112 cm long and 5 cm internal diameter, equipped with a cooling 
jacket, was packed with a weighed amount of Athabasca tar sand. Oxygen containing 64% by 
volume of ozone was passed through the column (0.45 cu.ft./hr.) and, after a specified time, 
air was injected to flush out excess ozone st i l l  present in the sand followed by  circulation (-125 
ml/hr.) of an eluant to produce a dark brown solution. After acidification with concentrated 
hydrochloric acid, the bitumen was recovered by extraction with methyl ethyl ketone (MEK)and 
the product isolated by evaporation of the solvent. The results are presented in Table 2 and the 
analyses in Table 3. In a further experiment, Athabasca tar sand was packed in a column, 
placed in a vertical position, and oxygen containing =6% ozone was passed through the col- 
umn at  4°C for 48 hours. After thorough blending, 50 grams of ozonized tar sand was placed 
in  each of eight columns and treated at 4°C for 96 hours with water, aqueous sodium hydroxide, 
aqueous sodium sulfite, and aqueous sodium sulfite plus sodium hydroxide solutions. The bifu- 
men from the resulting solutions was recovered by acidulation and extraction with methyl ethyl 
ketone, as described above; the results are presented in Table 4. 

RESULTS AND DISCUSSION 

The results of our previous w a k  (3), outlined here in the Figure, show that whilst oxi- 
dation of the bitumen components, by oxygen, is a feasibility, the temperatures required for 
conversion to significant amounts of soluble materials are quite high. Nevertheless, after 8 hr., 
the proportions of the fractions converted to soluble products at 125°C are equivalent to=. 3% 
w/w of the original bitumen. However, prolonged oxidation may lead not only to  water soluble 
organic acids but also to  extensively degraded materials with low dispersing and/or emulsifying 
power. To avoid this, and to increase the water solubility, the bitumen was first oxidized at 
temperatures similar to those that exist i n  the formation (-4°C). Oxidation by oxygen and air 
at  these temperatures i s  slow under these conditions (Table 1) but soluble materials were pro- 
duced by subsequent treatment with aqueous alkaline solutions or aqueous alkaline sulfite solu- 
tions. 

The successes achieved here prompted further investigations into the use o f  a somewhat 
stronger oxidant, i.e. ozone*, in the hope that a more rapid reaction rate would be achieved 
for the purposes of the current work. Accordingly, treatment of the bitumen on the sand with 
ozonated oxygen followed by contact with alkaline sulfite solutions did in fact poduce the de- 
sired effect (Table 2). Elemental compositions and molecular weights of the original Athabasca 
bitumen and the different reaction products (Table 3) illustrate the pronounced changes in car- 
bon, hydrogen and oxygen concentrations, and also the relative increase of sulfur contents in 
the ozonized and subsequently sulfite-treated derivatives. Confirmation that reaction (sulfona- 
tion) o f  the oxidized bitunwn and alkal i  sulfite had occurred was derived from several SOWCS. 

* Redford (4) has reported that ozone has a pronounced effect on the bitumen and can be used 
to produce communication paths within a tar sand formation. 
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In the first instance, sulfur analyses have shown an overall increase o f  sulfur contents of ozon- 
ized and subsequently a lka l i  sulfite-treated derivatives, as compared to the sulfur contents of 
derivatives obtained by treating ozonized tar sand with water or sodium hydroxide solution 
(Tables 3 and 4). Secondly, infrared spectra of the oxidized and extracted bituminous deriva- 
tives, besides exhibiting the carbon-hyckogen absorptions at frequencies of 2900 to 3000 cmS 
and 1450 to 1580 cm”, exhibited broad absorptions centered a t  about 3400 cm” and 1700 cm’, 
due to  hydroxyl and carbonyl groups. However, an extra absorption of moderate intensity at 
1030 to 1050 cmI  appeared only in the spectra of  the sodium sulfite-treated derivatives - at- 
tributable to the presence of sulfonic goup(s) characteristic of this type of sulfonated carbon- 
aceous material, e.g., humic acids (5). 
indicated significant differences between the two extracts. Alkaline-extracted material had 
an aliphatic proton distribution similar to  that recorded previously for the resins and low mole- 
cular weight asphaltenes extracted from the Athabasca bitumen through use of organic solvents 
(6,7). Material produced by sodium sulfite extraction had a more complex and less wel l  defined 
aliphatic proton distribution; also evident was a region centered at 9.35 ppm (0.65 r )  and as- 
signed to protons in acidic locations. 

Finally, nuclear magnetic resonance spectroscopy 

The data presented in Table 4 give an indication of the extractive abi l i ty of water and 
aqueous solutions of sodium hyd-oxide and sodium sulfite on oxidized tar sand, and the surface 
tension-reducing powers of  these bituminous derivatives are illustrated in  Table 5. It i s  appar- 
ent that the oxidized and subsequently sulfonated bituminous derivatives have greater surface 
tension-reducing powers and much greater abi l i ty to extract bitumen from the oxidized tar sand 
than does water or sodium hyckoxide solution. We presume that the fractions prone to oxidation 
are the dark oils and resins (Figure) leaving the bulk of the bitumen relatively unchanged. 

In retrospect, we have shown that oxidation of  bitumen on Athabasca sand can occur by 
means of  an oxygen-containing gas. 
duced into the molecular structures of  the oxidized materials which renders the bituminous ma- 
terials more hycfophilic, increases their surface tension-reducing power, and also increases 
their dispersing and emulsifying power. We are of the opinion that the present method therefore 
provides a plausible means for recovery of bitumen from the tar sand by the following steps: 
(a) in situ oxidation of  the tar sand bitumen (e.g. by injecting an oxygen-containing gas into 
the tar sand formation); (b) injection of  an aqueous alkaline sulfite or bisulfite solution into 
the oxidized tar sand formation to react and form the water-soluble sulfonated asphalt-type 
bituminous materials; (c) formation of an aqueous emulsion between the soluble sulfonated ma- 
terial and the oil i n  the tar sand formation; (d) circulation of the emulsion formed in situ, with 
the purpose of extracting o i l  from the formation, and separation of the o i l  from the emulsion by 
any of  the known techniques. 

circulate throughout the formation and establish free f low paths. We are also inclined to be- 
l ieve that this process, when combined with other recovery techniques, would afford an easier, 
more efficient and more economic recovery of  bitumen and the oxidation, with subsequent SUI- 
fonation, is compatible with other in situ recovery techniques, e.g., steam injection, cold 
emulsification, low- or high-pressure injection of fluids. 

Furthermore, sulfur-bearing group@) can then be intro- 

It is presumed that the aqueous solution of  the water-soluble sulphonated materials would 
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Table 1. Extractive abilities of aqueous solutions on oxidized tar sand 

Weight of % 
Oxidizing E luon t*  Solution Extracted Extracted Column 

pH Bitumen (g)** Bitumen 
agent 

1 oxygen 

2 oxygen 

3 air 

4 air 

9 .9  0.085 0.2% N a O H  
recycled 

1.32 

NaaS03 (0.1M) 
+ N a O H  (0.2%) 9.9 0.124 1.92 
recycled 

9 .9  0.023 0.2% N a O H  
recycled 

0.36 

NaaSOs (0.1M) 
+ N a O H  (0.2%) 9.9  0.122 1.89 
recycled 

* Volume = 0.2  litre 

** Weight of bitumen in tar sand = 12.9% 
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Table 5. 'Surface tensions of ozonized and ozonized-sulfonated bitumen 

% Concentration Ozonized bitumen Ozon ized-Sulfonated 
bitumen 

0.1 

0.5 

1.0 

62 dynes/cm 48 dynes/cm 

62 dynes/cm 41 dynes/cm 

52 dynes/cm 39 dynes/cm 
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SULFUR COMWUNDS IN OILS FROM THE 
WESTERN CANADA TAR BELT 

by 

D.M. Clugston", A . E .  George*, D.S .  Montgomery"**, G . T .  Smileyqq and H .  Sawatzky" 

Fuels  Research Cent re ,  c / o  555 Booth S t r e e t ,  O t t a w a ,  Canada K1A O G 1  

INTRODUCTION 

In th i s  work t h e  s u l f u r  compounds i n  t h e  gas  o i l  of t h ree  Cretaceous 

heavy oils from t h e  edge o f  t h e  A l b e r t a  sedimentary bas in  were i n v e s t i g a t e d .  

These crude o i l s  were obta ined  from t he  Athabasca, Cold Lake and Lloydminster 

d e p o s i t s  and a r e  be l ieved  by some (1) t o  belong t o  the  same o i l  system which 

impl ies  l i k e  modes o f  o r i g i n .  The geographic  l o c a t i o n  of t h e s e  d e p o s i t s  are 

shown i n  Figure 1. This  i n v e s t i g a t i o n  was conducted t o  develop t h e  a n a l y t i c a l  

c a p a b i l i t y  of fol lowing t h e  matura t ion  of t h e  s u l f u r  compounds present  i n  these  

o i l s  a n d  t o  permit a comparison w i t h  those  i n  t h e  thermally mature Medicine 

River  o i l  i n  a r e s e r v o i r  of t h e  same g e o l o g i c a l  age ( 2 ) .  

*Research S c i e n t i s t s ,  ""Technologist, **"Head, Fue ls  Research Centre ,  Mines 
Branch, Department of  Energy, Mines and Resources, Ottawa, Canada. 
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EXPERIMENTAL 

Samples 

The Athabasca bituminous sand was obta ined  from Great Canadian 

O i l  Sands Ltd.  and was e x t r a c t e d  f i r s t  w i t h  pentane and then w i t h  benzene. 

The Lloydminster o i l  had been taken from the "Sparky" formation a t  a depth 

of 1890 f t .  and w a s  s u p p l i e d  through the c o u r t e s y  of Husky O i l  L td .  The 

Cold Lake bitumen was obta ined  from Imper ia l  O i l  Ltd.  and had been produced 

by steam i n j e c t i o n .  Its depth was about  1500 f t .  The Medicine River o i l  

w a s  produced a t  a depth  of 7325 f t .  and was donated by the Hudson Bay O i l  

and Gas Co. Ltd. 

Molecular D i s t i l l a t i o n  

The pentane e x t r a c t  from t h e  Athabasca sands and t h e  o t h e r  o i l s  

wi thout  any t rea tment  were d i s t i l l e d  i n  an Ar thur  F Smith molecular  s t i l l  a t  

p r e s s u r e  ranges of  75-25OP and temperatures  of 225-23OoC. 

were obta ined  i n  t h e  co ld  t r a p  between t h e  s t i l l  and t h e  vacuum pump. 

The l i g h t  ends 

Chromatographic S e p a r a t i o n s  

The d i s t i l l a t e s  from the o i l s  were separa ted  f i r s t  by l i q u i d  

chromatography, then  by gas chromatographic s imulated d i s t i l l a t i o n  according 

to  b o i l i n g  p o i n t  and f i n a l l y  by gas  chromatography on l i t h i u m  chlor ide-coa ted  

s i l i c a ,  a s  shown i n  t h e  schematic  diagram. 

Liquid Chromatography 

The d i s t i l l a t e s  were s e p a r a t e d  on a dual-packed ( s i l i c a  gel-alumina 

g e l )  chromatographic column according t o  t h e  procedure developed by t h e  U.S. 

Bureau of Mines i n  c o n j m c t i o n  w i t h  API p r o j e c t  60 (3) .  The o i l  f r a c t i o n s  were 

obta ined  by c o l l e c t i n g  200 m l  f r a c t i o n s  of t h e  e l u e n t  and evapora t ing  t h e  

s o l v e n t s  by warming and us ing  streams o f  n i t rogen .  Various f r a c t i o n s  of 
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s a t u r a t e d ,  mononuclear a romat ic ,  b i n u c l e a r  aroniat ic ,  po lynuclear  a romat ic  

hydrocarbons and p o l a r  m a t e r i a l s  were obta ined .  

Gas Chromatographic Simulated D i s t i l l a t i o n  

The f r a c t i o n s  from t h e  l i q u i d  chromatography were gas chromatographed 

accord ing  t o  b o i l i n g  p o i n t  using normal a l k a n e s  as r e f e r e n c e  compounds on non 

p o l a r  s i l i c o n e  rubber  (SE-30) columns packed i n  5 f t .  long U-shaped g l a s s  

columns of 1/4" O.D. The column e f f l u e n t  was s p l i t  between a flame i o n i z a t i o n  

d e t e c t o r  and a t r a p p i n g  o u t  assembly i n  a r a t i o  of  1:9. 

conta ined  lhng of  chromosorb W. 

175 ml/min. S u l f u r  chromatograms were obtained w i t h  a Dohrmann microcoulometr ic  

q u a n t i t a t i v e  d e t e c t o r  which was a l s o  used f o r  determining t o t a l  s u l f u r  conten ts  

of the samples. The c a r r i e r  gas  flow r a t e  was 75 mls/min when the coulometr ic  

d e t e c t o r  was used. 

Each c o l l e c t i n g  tube 

The hel ium c a r r i e r  gas had a f low r a t e  of  

Gas-Solid Chromatonraphv and Mass Spectroscopy 

The c u t s  t rapped o u t  from t h e  s imula ted  d i s t i l l a t i o n s  were rechromato- 

graphed on l i t h i u m  chlor ide-coa ted  s i l i c a  columns a s  descr ibed  i n  a previous 

p u b l i c a t i o n  (4) .  The column e f f l u e n t  was s p l i t  w i t h  a p o r t i o n  d i r e c t e d  t o  a 

f lame i o n i z a t i o n  d e t e c t o r  and the  o t h e r  t o  the mass spec t rometer  i n  a r a t i o  of 

1:4. This chromatographic  s t e p  g r e a t l y  f a c i l i t a t e d  the  i n t e r p r e t a t i o n  of  t h e  

mass spec t ra .  In many c a s e s  i t  appeared as though pure compounds were obta ined .  

Only some of t h e s e  g a s - s o l i d  chromatograms w i l l  be d iscussed .  

The mass spec t rometer  was a CEC 21-104 equipped w i t h  a Watson-Biemann 

type  G.C. i n t e r f a c e .  The source was maintained a t  250°C! An i o n i z a t i o n  

p o t e n t i a l  of 70 eV w a s  used  throughout  w i t h  a t r a p  c u r r e n t  of approximately 

8Oc~amp. The s p e c t r a  were scanned e l e c t r i c a l l y .  
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RESULTS AND DISCUSSIONS 

Table 1 shows t h e  molecular  d i s t i l l a t i o n  y i e l d s  and d i s t r i b u t i o n  

of  the  t o t a l  s u l f u r  conten ts  of the  f i r s t  d i s t i l l a t e  i n  the four  o i l s .  

TABLE 1 

DISTILIATE YIELDS AND THEIR SULFUR CONTENTS 
I N  THE O I L S  OP ALBERTA TAR BELT 

Athabasca Cold Lake Lloydminster Medicine River 

Light  ends,  w t . %  4.5 5.9 12.5 44.8 

F i r s t  Distillate, w t . %  37.5 31.0 36.0 43.5 

S u l f u r  conten t ,  wt .% 2.90 2.85 2.50 0.80 

The l i q u i d  chromatograms of the  four  gas  o i l s  a r e  shown i n  F igure  2. 

The s u l f u r  conten t  of some of the  f r a c t i o n s  is a l s o  shown. The propor t ions  of 

t h e  hydrocarbon types  of t h e  o i l s  a r e  shown i n  Table 2. 

TABLE 2 

HYDROCARBON TYPE DISTRIBUTION 

Athabasca Cold Lake Lloydminster Medicine River 

S a t u r a t e s ,  wt .% 37.1 42.6 50.7 69.6 

Monoaramatics, w t  .% 21.3 22.9 22.7 13.0 

Biaromatics ,  w t . %  15.8 1 4 . 1  13.1 7.1 

Polyaromatics, w t .  % 25.6 20.5 13.6 10.3 

It can be ssen  t h a t  t h e r e  i s  an increas ing  t rend  i n  t h e  amount of 

s a t u r a t e s  i n  t h e  sequence Athabasca, Cold Lake, Lloydminster and Medicine River. 

This  t rend i s  reversed f o r  the  biaromatic  and e s p e c i a l l y  f o r  t h e  polyaromatic-  

p o l a r  f r a c t i o n .  
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The s a t u r a t e d  hydrocarbon f r a c t i o n s  conta in  t r a c e s  of  s u l f u r .  The 

gas-so l id  chromatography of t h e  Lloydminster s a t u r a t e s  b o i l i n g  i n  t h e  range 

of the c25 normal a lkane ,  w i t h  t h e  use of a Melpar d u a l  d e t e c t o r ,  showed t h e  

s u l f u r  compounds t o  be r e t a i n e d  much longer  than t h e  hydrocarbons which is  

t y p i c a l  f o r  a l k y l  s u l f i d e s .  

There was a small amount of s u l f u r  i n  the  mononuclear aromatic  

hydrocarbon f r a c t i o n s ,  which d id  not  show any apprec iab le  r e s o l u t i o n  on the  

microcoulometric t r a c e  ob ta ined  during s imulated d i s t i l l a t i o n .  According t o  

t h e  U.S. Bureau of  Mines r e p o r t  (3) descr ib ing  t h i s  type separa t ion ,  thiophenes 

and c y c l i c  s u l f i d e s  could be expected i n  t h i s  f r a c t i o n .  

Sul fur  compounds i n  the l a r g e s t  b inuc lear  aromatic  f r a c t i o n s  a8 w e l l  

a s  i n  t h e  1 a r g e s t . p o l y n u c l e a r  aromatic  hydrocarbon and polar  m a t e r i a l - f r a c t i o n s  

have been inves t iga ted .  A l s o  t h e  f r a c t i o n s  wi th  h igh  s u l f u r  conten t  in  the 

region between t h e  l a r g e s t  mono- and b i n u c l e a r  aromatic  f r a c t i o n s ,  and between 

the  l a r g e s t  b inuc lear  and polynuclear  a romat ic  f r a c t i o n s  designated by the  

letters "A" and "B" r e s p e c t i v e l y  on t h e  l i q u i d  chromatograms were i n v e s t i g a t e d .  

The p o l y a r o m t i c  f r a c t i o n  "C" w a s  a l s o  analyzed,  F igure  2. 

I n  F igu res  3 and 4 of t h e  f r a c t i o n s  i n  reg ion  "A" t h e  microcoulometric 

s u l f u r  peaks a r e  w e l l  r e s o l v e d  and appear a t  r e g u l a r  i n t e r v a l s  as would b e  

expected f o r  a homologous series of  compounds. Most of t h e  s u l f u r  peaks have 

matching flame i o n i z a t i o n  peaks. These chromatograms of t h e  f r a c t i o n s  from 

region "A" of both Athabasca and Lloydminster o i l s  a r e  so s i m i l a r  t h a t  only 

one of these  f r a c t i o n s  has  been f u r t h e r  s t u d i e d  by mass spectroscopy.  

t h e  f r a c t i o n  from region  "A" of Lloydminster o i l  has more m a t e r i a l  i n  t h e  

lower molecular weight  r ange  it was s e l e c t e d  f o r  more d e t a i l e d  s tudy.  

Since 

The m a t e r i a l  r ep resen ted  by the  f i r s t  four  peaks i n  t h e  flame 

i o n i z a t i o n  trace which have matching s u l f u r  peaks P1 t o  4 were trapped out  

and rechromatographed on t h e  l i t h i u m  chlor ide-coated s i l i c a .  The resolved 

m a t e r i a l  was s t u d i e d  by mass spectroscopy.  

t o  t h e  s u l f u r  compounds w i l l  be discussed.  

of  t h e s e  trapped o u t  c u t s  w i t h  both the flame i o n i z a t i o n  and Melpar s u l f u r  

Only t h e  d a t a  thought to  be r e l a t e d  

The chromatograms of t h e  f i r s t  t h r e e  
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t r a c e s  a r e  shown i n  F igures  5, 6 and 7. Although t h e  Melpar s u l f u r  t r a c e  is not  

q u a n t i t a t i v e ,  whenever matching predominant peaks were obta ined  on both  t h e  

flame i o n i z a t i o n  and the s u l f u r  traces they  were considered t o  r e p r e s e n t  

s u b s t a n t i a l  su l fur -conta in ing  m a t e r i a l .  

The mass spectrum obtained from t h e  material e l u t i n g  a t  153' i n  

F igure  5 contained a molecular  ion  of d e  190 and i n t e n s e  fragment ions  w i t h  

m / e  175 and 147, corresponding t o  a 4-carbon S u b s t i t u t e d  benzothiophene. 

Spec t ra  taken a t  h i g h e r  temperatures  i n  t h e  chromatogram a l s o  conta ined  t h e s e  

same ions  b u t  i n  d i f f e r e n t  r e l a t i v e  i n t e n s i t i e s .  High r e l a t i v e  i n t e n s i t y  of 

the molecular  ion and M-15 i o n  is taken t o  mean t h a t  t h e  s i d e  c h a i n s  on t h e  

a romat ic  nucleus a r e  s h o r t  - probably methyl  - w h i l e  low r e l a t i v e  i n t e n s i t y  

of M & M-15 relative t o  t h e  ion  corresponding t o  t h e  a romat ic  nuc leus  p l u s  

one methylene group is an i n d i c a t i o n  of  fewer and longer  s i d e  cha ins .  

The m a t e r i a l  e l u t i n g  a t  162" (F igure  6) produced ions  a t  m/e 204, 

189 and 147 corresponding t o  a 5-carbon s u b s t i t u t e d  benzothiophene. 

the e a r l y  e l u t i n g  m a t e r i a l  appeared t o  have one long s i d e  cha in  w h i l e  l a t e r  i n  

the chromatogram m a t e r i a l  having more and somewhat s h o r t e r  s i d e  cha ins  appeared. 

This t rend  appeared i n  a l l  chromatograms. 

As before ,  

The presence o f  m o l e c u l a r i o n s o f  m/e 202 and 206 i n  some of t h e s e  

spectra may i n d i c a t e  t h e  presence of c y c l o a l k y l  benzothiophenes and th ia indanes  

r e s p e c t i v e l y  . 
I n  subsequent  c u t s  from Lloydminster f r a c t i o n  "A" i t  appeared t h a t  

benzothiophenes w i t h  s i x  f o r  c u t  #3 and seven a l k y l  carbon atoms f o r  c u t  P4 

were involved. On t h e  b a s i s  of  t h e  t rend  t h a t  appears ,  it i s  assumed t h a t  

each success ive  s u l f u r  peak, obtained dur ing  s imulated d i s t i l l a t i o n  a s  shown 

i n  F igures  3 and 4, r e p r e s e n t s  benzothiophene w i t h  a n  a d d i t i o n a l  a l k y l  carbon 

atom. Thus dominant benzothiophene 

e leven  s u b s t i t u t i n g  carbon atoms in peak #8 and then the amounts of s u l f u r  

compounds involved i n  t h e s e  chromatograms decrease  markedly which i s  n o t  the 

case f o r  t h e  accompanying hydrocarbons, a s  shown by t h e  flame i o n i z a t i o n  t r a c e .  

High r e s o l u t i o n  mass s p e c t r a l  d a t a  appears  t o  suppor t  t h e  assumption t h a t  these  

compounds a r e  benzothiophenes (5). 

peaks are obta ined  w i t h  as many as 

I 



20 8 

The microcoulometr ic  s u l f u r  chromatograms t h a t  were obtained dur ing  

s imula ted  d i s t i l l a t i o n  o f  t h e  l a r g e s t  b ia romat ic  f r a c t i o n s  of t h e  f o u r  o i l s  a r e  

shown i n  Figures  8 t o  11. The dominant peaks a r e  w e l l  reso lved  and appear  a t  

r e g u l a r  i n t e r v a l s  s i m i l a r  t o  those  from a homologous s e r i e s  of compounds. I n  

t h e  c a s e  of t h e  Athabasca f r a c t i o n  which had a h igh  s u l f u r  content  t h e  s u l f u r  

peaks had matching flame i o n i z a t i o n  peaks. I t  seems t h a t  t h e  same s u l f u r  compounds 

appear  i n  a l l  corresponding f r a c t i o n s  o f  the f o u r  o i l s .  

The s u l f u r  compounds appear  t o  be a l k y l  benzothiophenes. The m a s s  

s p e c t r a  of these  benzothiophenes showed very  prominent molecular  i o n s  and 

q u i t e  l i m i t e d  f ragmentat ion as though most of  t h e  a l k y l  groups a r e  methyls .  

This  i s  i n  c o n t r a s t  t o  t h e  benzothiophenes w i t h  longer  a l k y l  groups found i n  t h e  

small f r a c t i o n s  wi th  h igh  s u l f u r  conten t  t h a t  were obta ined  e a r l i e r  dur ing  t h e  

l i q u i d  chromatography. 

s h o r t e r  but more a l k y l  groups would be r e t a i n e d  longer  on t h e  e l e c t r o p h y l i c  

adsorbents  than those  w i t h  longer  but  fewer e l e c t r o n  donat ing groups. 

f a c t  t h a t  most of t h e  a l k y l  s u b s t i t u e n t s  on t h e  benzothiophenes i n  t h e  l a r g e s t  

b ia romat ic  f r a c t i o n  a r e  methyls  accounts  for  t h e  l i m i t e d  number of dominant 

isomers t h a t  appear  t o  be p r e s e n t  i n  these  f r a c t i o n s  as is  shown by t h e  w e l l  

reso lved  peaks. 

It would be expected t h a t  t h e  benzothiophenes w i t h  

The 

The chromatogrsm i n  F igure  8 of t h e  l a r g e s t  biaromatic  f r a c t i o n  

from t h e  Athabasca o i l  shows t h r e e  dominant w e l l  resolved peaks numbered 

1, 2 and 3 which appear  t o  r e p r e s e n t  benzothiophenes wi th  f i v e ,  s i x  and 

seven methylene groups.  With i n c r e a s i n g  molecular  weight t h e  amounts of 

s u l f u r  compounds decrease  and t h e  r e s o l u t i o n  becomes poorer  a s  would be 

expected when l a r g e r  s u b s t i t u t i n g  a l k y l  groups a r e  present  causing i n c r e a s e  

i n  t h e  number of p o s s i b l e  isomers .  

The chromatogram from the corresponding Lloydminster  f r a c t i o n ,  

F i g u r e  9 ,  was s i m i l a r  t o  t h a t  from t h e  Athabasca but  appears  t o  conta in  

cons iderably  more lower molecular  weight  benzothiophenes, p a r t i c u l a r l y  those  

ones w i t h  four  methylene groups represented  by peak c 2 .  The Cold Lake f r a c t i o n ,  

F i g u r e  10, i s  n o t  v e r y  w e l l  reso lved  but  a l s o  shows peaks t h a t  match those  

from t h e  other o i l s .  
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The chromatogram of the  corresponding f r a c t i o n  from t h e  Medicine 

River o i l ,  in Figure  11, shows t h e  b e s t  reso lved  peaks which appear  t o  be 

t h e  same benzothiophenes p r e s e n t  i n  t h e  o t h e r  o i l s .  This  i s  be l ieved  t o  be 

a thermal ly  mature  o i l  and i t  i s  t h e r e f o r e  expected t h a t  the a l k y l  s i d e  

cha ins  would be reduced t o  methyl r e s i d u e s .  

accompanied the benzothiophenes a l s o  appeared t o  possess  most ly  methyl  

s u b s t i t u t i o n .  

The a l k y l  naphtha lenes  t h a t  

Before leav ing  t h e  s u l f u r  compounds i n  t h e  b ia romat ic  f r a c t i o n  i t  

should be mentioned t h a t  on ly  the  m a t e r i a l  w i t h  w e l l  reso lved  s u l f u r  peaks 

was examined by mass s p e c t r a .  P o s s i b l y  i n  t h e  less reso lved  h i g h e r  

molecular  weight  m a t e r i a l s  o t h e r  s u l f u r  compounds bes ides  benzothiophenes 

might be present .  

The small f r a c t i o n s  w i t h  h igh  s u l f u r  conten t  t h a t  were obta ined  i n  

the range  "Bl' of t h e  l i q u i d  chromatograms a l s o  gave s u l f u r  gas  chromatograms 

with f a i r l y  w e l l  r eso lved  peaks i n  t h e  s u l f u r  t r a c e s  of  t h e  s imula ted  

d i s t i l l a t i o n .  Most of  t h e  peaks had matching ones i n  t h e  flame i o n i z a t i o n  

t r a c e ,  F igure  12. 

of t h e  four  o i l s  gave similar chromatograms. 

beginning o f  t h e  chromatogram i s  not  very w e l l  reso lved .  

recognizable  peak #l appears  t o  be due t o  dibenzothiophenes w i t h  mainly two 

methylene groups. 

m/e 197 which i s  t h e  lowest mass fragment found i n  t h i s  series and is assumed 

to  r e p r e s e n t  t h e  a romat ic  nucleus,  p lus  one a l k y l  carbon atom,of t h e  dibenzo- 

thiophenes.  Then t h e r e  i s  a smal l  peak 62 where dibenzothiophenes w i t h  t h r e e  

methylene groups appear  t o  be present .  Peak #3 appears  t o  be due t o  mixtures  

of  dibenzothiophenes w i t h  t h r e e  and f o u r  methylene groups. In m o s t  c a s e s  the  

fragment ions were more abundant t h a n  t h e  parent  ions  i n d i c a t i n g  t h a t  t h e  

compounds had a l k y l  groups l a r g e r  than methyl. 

s i t u a t i o n  is s i m i l a r  t o  t h a t  of  t h e  benzothiophenes i n  which t h e  m a t e r i a l  

w i t h  longer  cha ins  w a s  e l u t e d  i n  t h e  l i q u i d  chromatography b e f o r e  t h e  material 

t h a t  conta ins  more b u t  s h o r t e r  s i d e  cha ins .  

A l l  t h e  high s u l f u r  conten t  f r a c t i o n s  i n  t h i s  range  "B" 

The m a t e r i a l  represented  a t  the  

The f i r s t  

The m/e r a t i o  was 212 and t h e  only  fragment i o n  w a s  a t  

I t  would seem that t h e  
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I n  t h i s  f r a c t i o n  mass s p e c t r a  w e r e  no t  ob ta ined  for  m a t e r i a l  of 

molecular  weight h i g h e r  t h a n  t h e  dibenzothiophenes wi th  four  methylene 

groups,  

a s c r i b e d  t o  dibenzothiophene w i t h  s i x  and seven methylene groups. With 

i n c r e a s i n g  molecular  weight  t h e  peaks become l e s s  prominent and the  amount 

of s u l f u r  compounds decreases .  A s  can be seen t h i s  i s  q u i t e  d i f f e r e n t  from 

t h e  hydrocarbons t h a t  accompany t h e s e  s u l f u r  compounds. 

It is i n f e r r e d  t h a t  t h e  two most prominent peaks,#5 and #6,can be 

The f i r s t  po lyaromat ic -polar  f r a c t i o n  from t h e  Athabasca o i l  was 

s i m i l a r  t o  t h e  l a r g e s t  f r a c t i o n  i n  t h i s  c l a s s  from t h e  Lloydminster  o i l .  

A l l  t h e  s imulated d i s t i l l a t i o n  chromatograms of t h e  f i r s t  polyaromatic-polar  

f r a c t i o n s  i n  t h e  "C" r e g i o n  of t h e  l i q u i d  chromatograms a r e  shown i n  t h e  F igures  

13 t o  16. 

reso lved  a t  l e a s t  i n  t h e  lower molecular  weight  reg ion .  It seems t h a t  t h e  

i n i t i a l  por t ion  of  t h e  Athabasca chromatogram,up t o  Kovats Index of 2400, is  

due most ly  t o  s u l f u r  compounds. 

thiophenes w i t h  t h r e e  and f o u r  methylene groups which a r e  represented  by t h e  

two v e r y  predominant peaks,#2 and t 3 .  

major por t ion  of t h e  s u l f u r  compounds i n  t h i s  f r a c t i o n .  Some dibenzothiophenes 

w i t h  two, f i v e  and s i x  methylene groups represented  by peaks #l, #2 and #5 ' 

r e s p e c t i v e l y  a l s o  appear  i n  much smal le r  q u a n t i t i e s .  

As can be seen ,  s u l f u r  peaks from t h e  t h r e e  o i l s  a r e  f a i r l y  w e l l  

The main s u l f u r  compounds appear  to  be dibenzo- 

These dibenzothiophenes c o n s t i t u t e  t h e  

The predominant s u l f u r  peaks i n  t h e  Lloydminster  and Cold Lake 

f r a c t i o n s  appear t o  be t h e  same a s  i n  t h e  Athabasca but  t h e r e  is more o f  

t h e  unresolved h igher  molecular  weight  m a t e r i a l  than i n  t h e  Athabasca. 

c o n t r a s t  t h e  Medicine River  f r a c t i o n  was q u i t e  d i f f e r e n t  from t h e  corresponding 

ones i n  the  heavy o i l s ,  F i g u r e  16. 

In  

The chromatogram o f  t h e  l a r g e s t  polyaromatic  and polar  f r a c t i o n  from 

t h e  Athabasca gas o i l  can b e  seen  i n  F igure  17. 

c o n t e n t  of more than  7.7% w i t h i n  t h e  d i s t i l l a t i o n  range up t o  a b o i l i n g  poin t  

of 500°C. 

h a l f  t h e  f r a c t i o n  would c o n s i s t  o f  s u l f u r  compounds. 

s u l f u r  peaks appear ,  t o g e t h e r  w i t h  matching flame i o n i z a t i o n  peaks, a t  

i n t e r v a l s  i n  t h e  b o i l i n g  p o i n t  sugges t ing  a d i f f e r e n c e  of a methylene group. 

This  f r a c t i o n  has  a s u l f u r  

Assuming t h e  presence  of  one s u l f u r  atom per  molecule then about  

Some of t h e  i l l - d e f i n e d  
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According t o  the uta88 spectra a l k y l  e u b a t i t u t e d  dibenzothiophenes 

o r  p o r s i b l y  naphthothiophenes seem to be q u i t e  prominent in t h i s  f r a c t i o n  

w i t h  t h e  s u b s t i t u t i o n  ranging  from two t o  e i g h t  methylene groups. I t  

would seem unSikely t h a t  most of t h e  a l k y l  graups  would be l a r g e r  than  

methyl so t h e  poor r e s o l u t i o n  of  s u l f u r  compounds probably is due t o  o t h e r  

typo# of s u l f u r  compounds i n  a d d i t i o n  t o  dibenzothiophenes.  Both dibenzo- 

thiophenes and t h e i r  i somer ic  naphthothiophenes could a l s o  be p r e s e n t .  

In t h e  nu88 s p e c t r a  there were abundant ions t h a t  might be due t o  

naphthobeneothiophenes o r  phenylbenzothiophenes. 

amounts of a l k y l  d iphenylsu l f  i d e s  is a l s o  poss ib le .  

The presence of small 
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' Ii~XRODLCTICii 

The removal of s u l f u r  from high-sulfur containing petroleum has loa8 
presented a problem. 
o i l  low i n  s u l f u r  conten t ) ,  t h e  problem has escalated i n t o  major pro- 
pomions t o  contend with a c lean and l i vab le  environment of our biosphere. 
The development of p r a c t i c a l  methods of decreasing, o r  eliminating t h e  
s u l f u r  content  of petroleum has  repeatedly proved an economical obstacle  
t o  t h e  industry.  
is phenomenal (1) 

l i t t l e  a t t en t ion  i n  t h e  l i t e r a t u r e  a t  t h i s  t i m e  (2) .  
is  t h e  removal of p y r i t e  from coa l  by Thiobac' l l u s  so. and Ferrobaci l lus  sp. 
(3). 
t o  i n  s i t u  r e a l i t y  are of g r e a t  value, inves t iga t ions  of pure systems should 
form t h e  foundations of t hese  more de t a i l ed  inves t iga t ions .  

With t h e  depletion of so-called "sweet" o i l  ( i .e . ,  

The amount of d o l l a r s  spent  on corrosion technology alone 

Rudimentary inves t iga t ions  of microbial  desu l fur iza t ion  have received 
A successful  example 

While s tud ies  of t h e  complex h y d r o c a r 5 h f u r  systems, being c loser  

Lur present s tudy was intended t o  explore the  a b i l i t y  of a micro- 
organism as a possible  desu l fur iz ing  agent. To t h i s  end, a pure system was 
employed tha t  would g ive  u s  some idea  a s  t o  t h e  ease with which such an 
agent could abs t r ac t  organically-bound su l fur .  '6ihile t h i s  program i s  pre-  
l iminary i n  scope, it  is hoped t h a t  fu tu re  inves t iga t ions  may lead t o  a 
f e a s i b l e  i n d u s t r i a l  appl ica t ion .  

1L4TERIAb ki;;U IsAETHODS 

a i  Hedia and Cult= 

The s t r a i n  of Thiobac i l lus  a i z x w  used i n  these experiments was 
o r i g i n a l l y  obtained from the National Type Cultures Collection. Inoculate 
s t r a i n  w a s  obtained by f u r t h e r  clllture i n  t h i s  laboratory ( 4 ) .  For growth 
of the  organisms, a v a r i a t i o n  of \.laksman's medium w a s  prepared; it contained 
t h e  following concentrations of s a l t  i n  grams per liter ( a l l  Kallinckrodt 
"AR': grade): (NZ-i4)2SG4, 0.20; Ni2F'(;4, 3.00; 191gSC4*71-I2f~, 0.50; CaC12 *2H2G, 
0.25. The medium w a s  prepared with d i s t i l l e d  water. In place of t h e  
elemental su l fu r  subs t r a t e  of Xaksman's medium, d i f f e r e n t  symmetric organic 
s u l f i d e s  of t h e  t e r t i a r y  b u t y l  c l a s s  with a normalized su l fu r  equivalent of 
10.Og/lj.ter were u t i l i zed .  In  order t o  provide a greater sur face  a rea ,  the 
normally viscous su l f ides  were emulsified with 1-2 drop(s)  of Tr i ton  X-100 
su r fac t an t  (J. T. Saker Chemical Co.) added t o  the  medium, The pH was then 
adjusted t o  3.5 Kith 1 .O 1.1 H3PC4 (Plallinckrodt ' :kR'*  gradei . S t e r i l i z a t i o n  
of t h e  media was accomplished by autoclaving and t y  membrane f i l t r a t i o n .  

b) Su l f id s  Samples 

The t e r t i a r y  bu ty l  s u l f i d e  and the  t e r t i a r y  bu ty l  d i su l f ide  used i n  
these  experiments w e r e  obtained from t h e  Aldrich Chemical Company. 
pu r i ty  of t h e  monosulfide, molecular weight: 146.30, was i n  excess of 97%. 
The d i s u l f i d e ,  molecular weight: 
assayed t o  be 88% pure d i s u l f i d e  with the  remainder consis t ing of tertiary 
bu ty l  t r i s u l f i d e  . 

The 

178.36, being " technical"  grade w a s  
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The t e r t i a r y  buty l  polysulfide employed was kindly supplied by 
P h i l l i p s  Petroleum Company. 
weight averaged out t o  be 190.00 was  greater than 90%. 
contained an average of four  and f i v e  s u l f u r  at- per molecule. 
tCeatmsnt of the s u l f i d e s  was performed. 

The pur i ty  of t h e  polysulf ide whose molecular 
The polysulf ide 

NO pre- 

e )  A n a l v t i f a l M e t e g p B  

Insoluble barium s u l f a t e  p r e c i p i t a t e ,  one of the two &t&a by 
which growth of the bacter ia  was establ ished was determined by standard 
gravimetric methods. 
t o  t h e  amount of s u l f i d e  t h a t  has been oxidized by the s u l f u r  bacter ia .  

growth of t h e  b a c i l l i  was established. S u l f u r i c  ac id  is a n a t u r a l  meta- 
bo l ic  by-product of t h e  ac idophi l l ic  (5); and as 
sulfur is u t i l i z e d ,  acid build-up i n  t h e  medium is t o  be expected---thus 
lowering t h e  pH. 
bacter ia  grow w e l l  i n  a p€i a s  low as 0.5. 

Fernbach culture flasks ( P y r e x ,  2800 ml) containing 1 .o liter of 
modified Waksman's medium were prepared i n  duplicate.  
f l a s k s  received 49.0 m l  t -bu ty lsu l f ide  and one drop T r i t o n  X-100 each. 
The second p a i r  of f l a s k s  received 28.0 ml t -bu ty l  d i s u l f i d e  and one drop 
of Tr i ton  X-100 each. The t h i r d  p a i r  of f lasks  received 17.0 m l  t-butyl-  
polyrulf ide and two drops of Tr i ton  X-100 each. 
elemental sulfur and f l a s k s  of organic sulfur subs t ra tes  were prepared t o  
act as controls .  After  sterilization, ell f l a s k s  containing s u l f u r  o r  
organic s u l f u r  compounds with t h e  exception of t h e  organic s u l f u r  cont ro l  
f l a s k s ,  were inoculated with 10.0 cc x. suspensions. A l l  
f l a s k s  were incubated at  room t e m p e z a t u r v  

Samples f o r  t h e  barium s u l f a t e  determinations were prepared by 
removing a 5.0 m l  a l i q u o t  portion from each f l a s k  and then submitting 
the80 t o  centr i fugat ion on an Adams cent t i fuge  for 15 minutes a t  3,000 rpm. 
TO the supernatant of each was added two drops concentrated HC1, ~ L I  acid 
buffer;  and eleven drops of a .saturated so lu t ion  of barium chlor ide 
(Mallinckrodt "AR" grade). 
apparatus (Pyrex); washed with d i s t i l l e d  water and then allowed t o  dry 
thrae days i n  an evacuated dessicator .  The samples were then igni ted and 
the weight of barium s u l f a t e  established. The organic s u l f u r  controls  
were handled i n  the  same manner t o  avoid discrepancy. 
barium s u l f a t e  produced from t h e  organic su l f ides  less t h e  controls  was 
averaged and then plot ted (Fig. 1). 
Beckman t 'Zeromatic ,"  SS-3 pH m e t e r  (Fig. 2 ) .  

The amount of barium s u l f a t e  is  d i r e c t l y  proportional 

Hydrogen ion  concentration (pH) was t h e  second criterion by Which 

Studies  done i n  t h i s  laboratory has shown t h a t  the  

The f i r s t  p a i r  of 

'In addi t ion,  f&rks of 

The prec ip i ta ted  was f i l t e r e d  on a "Millipore" 

The amount of 

The pH was read d i w c t l y  with a 

PROCEDURE 

Modified Haksman's medium was prepared i n  a Fernbach culture f lask.  
An amount of organic s u l f i d e  normalized t o  an equivalent s u l f u r  content 

' of t h e  standard medium (10g/ l i te r )  was added; followed by the  addi t ion 
of an emulsif ier-  
(121OC) or subjected t o  membrane f i l t r a t i o n .  Upon cool ing,  the  medium 
was inoculated with 10 cc pure s t r a i n  -. The 
c u l t u r e l s  i n i t i a l  pH value was read,  and an i n i t i a l  gravimetric s u l f a t e  
assay was performed on it. Thereafter,  pH and s u l f a t e  values w e r e  detamined 
a t  two day i n t e r v a l s  for a period of 25 days. 

The  medium was  then autoclaved f o r  30 minutes a t  15 p s i  

! 
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RESULTS 

The model was so designed as to study the ability of sulfur-oxidizing 
bacteria to utilize the organically bound sulfur as substrate. 
metry of the sulfides provided an insight into the sulfur abstracting 

The gym- 

prowess of x. d -  

It can be aeen that the oxidizing potential of the organism is 
enhanced by the availability of unshielded sulfur in the molecular structure. 
The sulfur-sulfur bonds of the di- and poly-sulfides are easily disrupted 
while the sulfur-carbon bond of the mono-sulfide seem questionable. 
While sane sulfate ion is produced by the organism on the monosulfide, it 
is unknown at this point how much of the sulfate is due to residual sulfur 
previously incorporated by the bacteria. 
this ht. 
and poly-sulfides, as shown by sulfate ion and pH values. 

The values of pH seem to bear 
There is no question that the organism is growing on the di- 

DISCUSSION 

This study indicates that the sulfur of our sulfide samples was 
susceptible to bacterial attack in two of the three cases. 
suxfides could be dnked in the order of their ease of oxidation as: 
di -evantyi po xyitilf Zde $idiie -but91 di GGifiae > di- t-iu€yi*sirfiae. 

Seemingly, T. fhiooxidans i s  able to attack the sulfur-sulfur bond 
quite readily and the sulfur-carbon bond with more time and difficulty. 
Since a large portion of the sulfur compounds in petroleum are of the 
monosulfide-aromatic type more attention will be paid to this facet. 

The aliphatic 

The simplest scheme of the bacterial oxidation would be: 

A few mechanisms have been postulated for this reaction (6). 
what mechanism is considgred, the oxidation of elemental sulfur or thio- 
sulfate is accompanied by reductive cleavage of the sulfur-sulfur bridges. 
In the case of sulfur, the intermediate involved is Kcyclic form of sulfur, 
probably s8; althoum there is little difference observed for d i f f e m t  
allotrophic forms of sulfur, such as rhombic, precipitated,and amphorous. 
These cyclic sulfides form the basis of polysulphanes as well as poly- 
thionates which could be metabolized readily by Thiobacilli. 

No matter 

,’a, €3 
p-. s, s - s  

-?3&S/ ‘s- s’ 

SH’ --+ 1 HS - f  ‘l 1 -b 

polysulphanes 

polythionates 
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Actual ly ,oxidat ion of s u l f u r  begins with i t s  reduct ion,  i n  e i c h  t h e  
glutathione-sulhydryl groups located near t h e  cell sur face  take par t  

DPN - H + G-S-S-G + PPB + PG-SH 

SO + P G - S H + H P S  + G-S-S-G. 

The SH''bvo1ved or the S 0 3 2 -  performs t h e  a t t ack  and the  cleavage. 

On the c e l l  surface i n i t i a t e s  t he  formation O+ polpfhiosulfonic  ac id  and 
consequently s p l i t s  t K r t e r m b m 1  SO3- as su l f a t e ,  
evolve the  intermediate of mixed anhydride -S-0-PO4- 

For the  th iosu l f a t e  ox ida t ion , i t  is hypothesized t h a t  an e n m  system 

from p h o s p h o ~ l a t i m :  
This process may 

Thrrefore 

Tho w e r a l l  reac t ion  is one of e lec t ron  t r ans fe r  in t h e  enzyme system: 

Tho c r i t i c a l  s t e p  i n  the  u t i l i z a t i o n  of mult iple  s u l f u r  l inkages is tho 
avai labi l i ty  of HS* from the reduced enzyme system. The HSO could possibly 

the cyc l i c  or the acyc l ic  mult iple  s u l f u r  linkages through a nuclro- 
xmch.nism. The s u l f i d e  linkages thus cleaved w i l l  undergo ox ida t im  
i te  OT th iosu l fa te .  This holds t r u e  for the  present case of 
de a d  POPyPtiIf i d s  
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.Finally, removal of t h e  su l f ace  ion creates  a new problem of contamina- 

t i on .  Ln connection w i t h  this, an examination of sulfate-reducing bac te r i a  
f o r  the complete removal of s u l f u r  i s  being undertaken. The conversion of 
t h e  organic su l f ide  i n t o  inorganic s u l f i d e  w i l l  be one future  objective.  
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Fig. 2. \ l a t i a t ion  of pH a f t e r  inoculat ion of s u l f u r  bac te r i a :  
from t o p  t o  bottom, the long dashed l i n e  represents  di-t-butyl 
monosulfide; t h e  s o l i d  l i n e  represents  di-t-butyl d i su l f ide ;  
the dash-dot l ine represents  di- t -butyl  polysulfide,  and the  
short dashed l i n e  represents  control  of elemental sulfur. 
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I 

INTRODUCTION 

One of the f i r s t  steps to understanding in situ recovery of bitumen from the 
Athabasca tar sands is to fully appreciate the fact that, under reservoir  conditions, the 
bitumen in the ta r  sands cannot be made to flow under the influence of any reasonable o r  
practical pressure gradient. This fact forces a change in the traditional concepts of 
secondary oil field recovery and necessitates the introduction of new approaches. These 
approaches often require that much of our traditional thinking regarding secondary oil 
recovery be changed, and in some cases reversed. 

If, because of its extremely high viscosity the bitumen cannot be moved ahead of 
a front, then, it must either be changed and then moved by a front, or it must be nibbled at  
from one side and rhe products carried away to a production point. The f i rs t  approach has 
apparently been successfully applied by Pan American Petroleum Co. in their operations a t  
Gregoire Lake (I). There,  the tar-bearing McMurray formation is first  heated to about 
200 "F and then the preheated bitumen i s  driven to production wells by a combination of 
forward combustion and water flooding (COFCAW process). The second approach has'been 
demonstrated by laboratory and field work carried out by the Shell Oil Company during the 
period 1956-62 (2,3,4,5,6,7,8, 9,10, 11). This approach, which will be referred to a s  the 
Shell process, involves three main steps: 

(a) Drilling to the base of the McMurray formation a ser ies  of production 
and injection wells in some suitable pattern. 
These wells a r e  cased such that injection or production of fluids takes 
placc only a t  or  near the bottom of the tar-sand interval. 

injection wells by horizontal hydraulic fracturing. 
The initial communications a r e  then developed to the point of accepting 
large volumes of s team without sealing. This is done by emulsifying 
the bitumen along the fracture path through the action of critical concen- 
trations of sodium hydroxide and heat, forming a low-viscosity oil-in- 
water (o/w) emulsion which is then transported to the production well. 

(c) Injection of large quantities of steam to the well-developed communications 
path to achieve principal bitumen production. 
This steam moves up the formation, heating and emulsifying the cold 
bitumen above i t ,  and is itself condensed. The condensate and emulsified 
bitumen form an oil-in-water emulsion which trickles down the formation 
and is driven to the production wells by pressure of the injected steam. 

Of these three steps, the most difficult to achieve in the field is the enlargement 

(b) Achieving initial interwell communications between production and 

of interwell communications paths, particularly the development of a cold fracture path into 
a hot communications path which will accept large quantities of steam without sealing. At 
formation temperatures (-40 "F for 200-300 feet of overburden), the bitumen binds the 
formation sand together to form an almost brittle solid mass which fractures when sub- 
jected t o  a parting pressure. However, a s  the temperature increases, the formation 
softens and becomes an amorphous solid; still further heating causes the bitumen to flow a s  
a viscous heavy crude (6 to 7 A PI"). If steam is applied directly to a fracture path, 
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propped or otherwise, the formation first softens and tends to slump into the fracture and 
may result in sealing. Further heating causes the unemulsified bitumen to flow. 'Ibis 
unemulsified bitumen is moved further along the fracture  path where it contacts colder 
areas  of the formation and cools to form a highly-viscous impermeable plug. ?his problem 
was recognized by Shell (6) during their experimental field work. ?heir solution (6,9,10) 
was to inject steam a t  a pressure above the pressure required to support the overburden 
(fracture propping pressure) but below the pressure which would propagate a vertical 
fracture. It was found that with this approach the injection pressure gradually rose, and 
from time to time it  became necessary to  replace the steam injection with injection of a hot 
solution of a critical concentration of sodium hydroxide. By repeating this cycle over a 
period of time, Shell were apparently able to develop hot communications paths which would 
accept large quantities of steam without sealing. 

procedure has been less than satisfactory. Our experience has been that communications 
could not be maintained when using injection pressures  below the vertical-fracture pressure. 
Use of pressures above the vertical-fracture pressure resulted in surface fractures and/or 
loss of fluids to high-lying relatively-permeable zones. This problem is particularly acute 
in areas  where overburden is relatively light (e. g., 200-300 feet). To overcome these dif- 
ficulties, i t  was suggested that initial emulsification should take place a t  formation tempera- 
ture (i. e., cold emulsification) and that heating of the communications path take place a t  a 
ra te  such that all the bitumen entering the path would be emulsified. By this method the 
propped communications path would never become plugged with unemulsified bitumen and a 
low pressure process could be developed for  obeaining a hot communications path through a 
t a r  sand bed. 

In pilot plant and field experiments in which we have been associated, this 

I 
\ 

RESULT3 AND DISCUSSION 

Sodium hydroxide and other bases a r e  ineffective in promoting the formation of 
oil-in-water emulsions below 60 OF. Their ability t o  promote emulsion formation gradually 
increases with temperature but does not become really effective until 90 "F or  more. 
Athabasca ta r  sands, however, show consideralie softening at  60 "F and will begin to weep 
bitumen at  90 "F. It was, therefore, important to find emulsifying agents which were more 
effective at  the lower temperatures. It was found that a combination of sodium hydroxide and 
a nonionic surfactant (TX4.5, an octylphenoxy polyethylene oxyethanol i n  which the octyl group 
is branched and which contains about 5 males of ethylene oxide) was effective in promoting 
low-temperature emulsification of the bitumen. Optimum concentrations of this surfactant 
and sodium hydroxide a s  a function of temperature a r e  given in Table I. Using these concen- 
trations and a gradual heating of the injected fluids, good hot communications were developed 
over a 100-foot interval near  the base of the McMurray formation in a period of about 6 weeks. 
Pressures were maintained below the fracture-propping pressure. Stable emulsions were 
achieved, ranging in concentration from 3% for  the cold emulsification up t o  17% for  the 
warmer emulsification. 

Despitethese encouraging results, i t  was of interest to find other agents which 
would cause more rapid emulsification at  formation temperatures, which would be cheaper, 
and which would produce more concentrated cold-temperature emulsions. It was believed that 
the sodium hydroxide reacted with the acidic functional groups in the bitumen to form organic 
salts, and that these organic salts then acted a s  surface-active agents which caused emulsifi- 
cation of the bitumen. It was, therefore, hoped that the amount of these surface-active agents 
could be increased by oxidizing part of the bitumen to form more acidic groups. Several 
oxidizing agents were tried; ozone was the most successful. 

Ozone (6% in oxygen) was passed f o r  2 days through a loosely-packed vertical 
column of Athabasca ta r  sand and the column eluted with water. The t a r  sand changed 
markedly in appearance, revealing many white sand grains, while the eluted material was a 
dark-brown color and foamed when lightly shaken. Evaporation of the  eluent to dryness 
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yielded a material which analyzed: C, 45.3%; H, 5.5%; 0, 40.6%; N, 1.4%; S, 7.2%. 
When stirred with water, under a microscope, the sand of the ozonized t a r  sands separated 
to form white water-wet grains, while the bitumen formed globules in the water phase. 
Similarly treated unozonized sands produced no noticeable change. 

A 3-foot by 2-inch horizontal tube was then tightly packed with bitumen and a 
narrow path of 20/40-mesh Ottawa sand was placed a t  the bottom. Ozone (6% in oxygen) 
was passed through the tube f o r  2.5 days. ?he exit gas contained ,.- 1% ozone. A 50-gram 
sample of the tar sand was extracted withwater (500 ml) to yield a dark-brown solution 
which foamed when lightly shaken. A surface-tension curve versus concentration for this 
sample is given in Figure 1. Evaporation of the solution to  dryness yielded 0.237 grams of 
material: C, 28.7%; H, 3.7%; 0, 51.3%; N, 1.3%; S, 8.2%. A second similar 50-gram 
sample of t a r  sand was extracted with water and the resulting solmion was neutralized to 
pH 7 with 0.1 N sodium hydroxide (41.4 cc required). 

In sampling the tube, samples were taken from 4 equal-length sections along the 
tube, designated A, B, C and D starting from the ozone-inlet end. The bitumen was extracted 
from each of these samples and from a sample of unozonized tar sand (designated sample 0) 
using toluene reflux. Elemental analyses of these bitumen samples and their molecular 
weights are in Table 11. Standard S.A.  R.A. analyses were  conducted on each of the samples; 
thus dividing each of them into asphaltenes, resin I, resin II, saturates, and aromatics. 
Results of this analysis a r e  given in Table ID[. Elemental analyses and molecular weights 
were carried out on each of the subsamples. Results a r e  in Table IV. These analyses show 
that in  general ozonolysis was limited to  the asphaltene and resin fractions of the bitumen 
and resulted in  a laver molecular weight and a decrease in the sulfur content. ?he saturates 
and aromatics were little affected; however, these fractions a r e  of low molecular weight and 
viscosity. Thus, ozonolysis is attacking that part of the bitumen which is of highest 
molecular weight and viscosity and converting it into water-soluble or more hydrophylic 
material. 

A second 3-foot by 2-inch horizontal tube was packed, and ozone (6% in oxygen) 
was passed through f o r  7 days (80% of the ozone was still being absorbed by the cell af ter  7 
days). Distilled water (20 ml/hour) and ozone (6% in oxygen) were then passed through the 
tube for 6 days. Fxamination of the cell disclosed a r e a s  around the sand path and extending 
out around the surface of the cell which had been largely depleted of bitumen, leaving clean 
white sand. The initial effluent f rom the cell (first day's effluent after commencing water 
injection) was an amber  color (PH 1.35) and contained about 657, water-soluble organic 
material. This material exhibited a surface-tension curve a s  given in Figure 2. The 
surface tension of the neutralized material as  a function of concentration is also given in 
Figure 2. Approximately 9.5% of the bitumen originally in the cell was removed during the 
6 days of water injection. 

The test cell was reassembied and a solution of 0.2% sodium hydroxide was 
passed through the cell for 14 days (20 cc/hour). An additional 8.7% of the bitumen in the 
cell was removed during this period. Most of the cell effluent which was collected during 
the f i r s t  6 days of water injection was neutralized to pH 7, and this material was recycled 
through the cell 6 times. This procedure removed a further 2% of the bitumen from the cell, 
for  a total bitumen recovery of 20.2%. When the cell wits opened and the tar sand examined 
i t  became evident that the whole c r o s s  section of the tube had been affected to some extent by 
the combination of ozonolysis, distilled-water flush, sodium hydroxide-solution flush, and 
neutralized-effluent recycle, but in some a r e a s  the bitumen had been extensively removed, 
especially near the original sand path and extending around the glass surface. 

These results indicate that ozone readily reacts with bitumen a t  formation tem- 
peratures (40 OF )  to form water-soluble highly-oxygenated materials which have surface- 
active properties i n  both acid form and as  neutralized salts. Fassing of water through a n  
ozonized formation of tar  sands results in removal of part of the bitumen; in some areas  t h i s  
removal is extensive while in other a reas  i t  is minor. When 0.2% sodium hydroxide 
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solution is passed through such a bed, more bitumen is removed and the highly-depleted 
a reas  a r e  extended. It is our intention to  i n  future test a Not-plant simulation of field 
conditions for  this process to  determine whether the combination of ozonolysis, water flush, 
0.2% sodium hydroxide flush, and gradual heating can be used f o r  the low-pressure develop- 
ment of a cold propped fracture into a hot communications path which will accept steam 
without sealing. 

/ 

i 

CONCLUSIONS 

It has been demonstrated in the field and in  the laboratory that by using a combi- 
nation of nonionic surfactant and base (sodium hydroxide), and using pressures  substantially 
below the propping pressure, a cold propped fracture path can be developed into a zone that 
will accept large volumes of steam without sealing. It has been further demonstrated in the 
laboratory that ozone will readily react with bitumen a t  formation'temperatures, to form 
highly-oxygenated water-soluble surface-active agents. Therefore, i t  is anticipated that 
ozone together with water and/or dilute basic solutions can be used at low pressures to 
expand a propped fracture  path into a hot communications path which will accept steam 
without sealing. 
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TABLE I 

Optimum Concentrations of TX45 and NaOH 
a s  a Function of Temperature 

Temperature Tx45 NaOH 
(OF) Concentration Concentration 

E) (%) 

40 - 60 0.4 0.2 
60 - 70 0.2 0.2 
70 - 80 0.2 0.15 
80 - 100 0.1 0.15 

100 - 120 0.1 0.1 
120 - 200 nil 0.1 

> 200 nil nil 

TABLE I1 

Analysis of Unozonized and Partly-Ozonozed Bitumen 

Sample Carbon Hydrogen Oxygen Sulfur Nitrogen Ash Molecular 
(% a) E) (73 (37) R) Weight 

0 ' 81.82 10.37 0.78 5.17 1.23 1448 
A 81.63 9. 98 2.18 4.02 1.28 1.11 668 
B 81.71 10.62 2.25 3.97 0.88 0.92 625 
C 81.66 10.67 2.37 3.95 0.71 634 
D 81.44 10.55 2.25 4.30 1.05 1.05 641 

TABLE III 

S.A. R.A. Analysis of Unozonized and Partly-Ozoni.zed Bitumen 

Sample Asphaltenes Resins I Resins LI Saturates Aromatics 
E) E) (93 E) E) 

0 21.8 
A 24.7 
B 25.3 
C 25.8 
D 24.5 

42.3 
43. 9 
42.1 
39.5 
44.8 

4.2 15.9 14.3 
4.3 13.3 10.6 
4.0 18.4 8.8 
2.5 20.0 9.0 
2.6 18.7 6.7 

I 
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TABLE N 

/ Analysis of Unozonized and Partly-Ozonized Bitumens 
After S.A. R.A. Analysis 

Sample Carbon Hydrogen Oxygen Sulfur Nitrogen Ash Molecular 
i R) e7c) R) a) (%) a) Weight 

I Asphaltenes : 
0 
A 
B 
C 
D 

Resins I: 
0 
A 
B 
C 
D 

Resins II: 
0 
A 
B 
C 
D 

Saturates: 
0 
A 
B 
C 
D 

Aromatics: 
0 
A 
B 
C 
D 

7 8. '84 
77.60 
76.86 
76.87 
77.38 

76.89 
77.27 
78.53 
78.71 
78.67 

76.31 
77.47 
78.99 
79.37 
79.17 

85.81 
85.92 
86.31 
86.57 
86.28 

85.13 
84.94 
85.33 
85.30 
85.29 

7.83 3.03 
7.90 4.11 
7.74 4.88 
7.65 4.90 
7.88 4.44 

9.72 3.97 
9.48 4.23 
9.73 6.05 
9. 63 6.05 
9.73 5.97 

9.44 4.44 
9.89 6.03 

10.50 7.84 
9.53 9.07 

10.63 8.00 

13.31 0.17 
13.34 0.14 
13.03 0.08 
12.88 0.22 
13.10 0.15 

10.33 0.27 
10.25 0.19 
10.61 0.45 
10.45 0.48 
10.48 0.50 

8.48 
7.88 
7.68 
7.75 
7.71 

5.48 
4.77 
4.65 
4.71 
4.64 

2.30 
1.17 
1.96 
1.62 
1.71 

0.28 
0.27 
0.26 
0.36 
0.25 

3.63 
3.75 
3.13 

3.22 

1.34 
1.81 
0.82 
0.90 
0.89 

0.73 
0.77 
0.25 
0.26 
0.17 

0.30 
1. 17 
0.18 
0.21 
0.19 

0.45 
0.41 
0. 18 
0.21 
0. 13 

0.59 
0.64 
0.15 
0. 16 
0.26 

0.64 
0.79 
1.88 
1.80 
1.53 

i .o i  
1.31 

2.17 
1.15 

4797 
4722 

3493 

727 
731 
563 
590 
617 

454 
433 
397 
395 
412 

398 
397 
390 
373 
379 



2 30 

2 8o 
0 
\ 
cn 
0 c 
% 

270- 
c 
0 
il) c 
- 
f 
3 6 0 -  

5 
0 

v) 

r 

FIGURE I - Surface Tension of Water Soluble Fraction 
of .Ozonized Bitumen 

I I I I I 1  I l l  I 

FIGURE. 2 - Surface Tension of Water Soluble 
Ozonized Bitumen 

0 : I  c a 
0 - 60 
E 
0 
a 
C 
0 
I- 

.- 

$ 50 

a 
r L 

v) 

.-m 

- m- Neutralized Material 

-0 -  Acid Form 

I 1 1 I I I I L  
20 30 40 60 80 I 

Concentration (0.001 gm. Ic.c.1 



231 

CHARACTERIZATION OF A UTAH TAR ;AND BITUMEN 
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INTRODUCTION 

Until recently, tar sand deposits have been of relatively l i t t le  importance as an energy 
resource. 
stored i n  bituminous sandstone deposits. The inaccessibility of the bitumen, which is generally 
impregnated in subsurface sandstone, and the high viscosity of the bitumen present major prob- 
lems with recovery. The high viscosity, heteroatom content, and molecular weight cause prob; 
lems with utilization. Knowledge of the composition of tar sand bitumens would facil i tate the 
accurate prediction of the chemical and physical behavior of these bitumens in  recovery and 
refining processes. 

Increasing demands for energy have prompted a greater effort to uti l ize-the energy , 

Recently, several studies have been made to determine the properties of tar sand bitu- 
mens. Wood and Ritzma ( I )  and Gwynn (2) have studied several Utah bitumens. Camp (3) 
has made a comprehensive study of the Athabasca tar sand deposits. Speight (4) has studied 
the effects of thermal cracking on Athabasca bitumens. Generally, the analysis of the total 
bitumens included physical properties, elemental analysis, distillation, and infrared spectra- 
copy. Detailed analysis of the chemical composition of a total bitumen i s  d i f f icul t  because o f  
the complexity of these samples. Separation of the total bitumen into simpler fractions would 
facilitato compound-type characterization. 

This study presents the results of a preliminary examination of a P.R. Spring, Utah, tar 
sand bitumen. Physical properties, elemental analysis, and distillation data are given and com- 
pared to  literature values for other P.R. Spring samples. The separation of the bitumen, using 
selected techniques developed in  our laboratory (5-9), into acid, base, neutral nitrogen, satu- 
rated, and aromatic hydrocarbon fractions is described. The analytical results of the separation 
are compared with those for high-boiling petroleum residues separated in a similar fashion. 
This comparative information could provide an evaluation of the bitumen for processing because 
more i s  known of the processing characteristics of petroleum fractions than of tar sand bitumens. 

EXPERIMENTAL 

Description of Bitumen Sample 

The core that was extracted to produce the bitumen came from Colvert No. 1, NW+ 
S E f ,  sec. 35, T. 15 S., R. 22 E., Uintah County, Utah. The tar-bearing sand occurred i n  
the P.R. Spring deposit, Douglas Creek Member, Green River Formation of Tertiary age. Core 
samples from Colvert No.  1 showed that tar-bearing sand occurred intermittently between the 
depths of 64 and 162 feet. Approximately 2-inch sections were taken from each foot between 
84 and 117 feet, combined, and exhaustively extracted with benzene in  a Soxhlet extractor. 
The knzene extract w a s  filtered through a 4.0 to 5.5-p fritted glass disk funnel, and the ben- 
zene was removed by vacuum distillation (75 to 8OoC, 40 to  50 mm Hg). The recovered bitumen 
was u r d  for property measurements and as the starting material for the separation into defined 
fractions. 

\ 

i 
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Simulated Disti l lation of Bitumen Sample 

The boiling-range distribution of the recovered bitumen was determined by simulated 
disti l lation gas-liquid chromatography using the procedure of  Poulson et al (10). Boiling points 
are determined by calibration with a .mixture of n-paraffins ranging from CI, to  C.Q. The upper 
l imit for boiling-point determination in  this analysis i s  about 540'C (1000°F). 

SeDaration of the Bitumen into Defined Fractions 

The procedure was an extension of one developed for the separation of high-boiling 
petroleum cuts into five fractions--acids, bases, neutral nitrogen, saturates, and aromatics (5 ) .  
This separation and the further division of the first three fractions into subfractions i s  shown 
schematically i n  Figure 1. 

A 20-9 sample of the bitumen was dissolved in  cyclohexane and charged t o  a column 
containing 50 g of Amberlyst* A-29 anion exchange resin on top of 50 g of Amberlyst 15 cation 
exchange resin (Rohm and Haas). The column was exhaustively eluted with cyclohexane to 
remove nonreactive material. The resins were removed from the column, separated, and placed 
in individual Soxhlet extractors. The acids were extracted from the anion resin with 1) ben- 
zene, 2) 60% benzene-40% methanol, 3) 60% benzenedo% methanol saturated with carbon 
dioxide at < O'C, 4) 5% acetic acid-95% benzene. These last two solvent mixtures were ap- 
plied manually rather than by the usual Soxhlet reflux because they do not form azeotropes. 
The bases were removed from the cation resin in  a similar fashion using the solvents 1) benzene, 
2) 60% benzene-N% methanol, 3) 8% isopropyl amine-55% benzene-37% methanol. These 
seven subfractions were retained separately for analysis and labeled, respectively, acids I, I I ,  
111, and IV and bases I, 11, and Ill. 

The neutral nitrogen compounds were removed from the acid- and base-free bitumen by 
chromatography in cyclohexane on FeCIdAttapulgus clay, packed i n  a column above Amberlyst 
A-29. The ratio of sample to FeCIdAttapulgus clay to  anion resin was 1:13:17. Nitrogen 
compounds were recovered by successive column elution with 1,Zdichloroethane and 40% 
methanol-M)% benzene to provide two subfractions. The methanol was removed from subfrac- 
t ion II, after which the ferric chloride was removed from the fraction by dissolving the sample 
i n  1,2-dichloroethane and contacting the sample with the A-29 resin. 

Saturated and aromatic hydrocarbons were separated from the acid-, base-, and neutral 
nitrogen-free bitumen by adsorption chromatography using sil ica gel as the adsorbent ond cyclo- 
hexane as the eluting solvent. The cutpoint was made at two bed volumes. Aromatics were 
desorbed with 60% benzene-40% methanol. 

Analysis of  Defined Fractions 

The separation procedure provided four acid subfractions, three base subfractions, two 
neutral nitrogen subfractions, saturated hydrocarbons, and aromatic hydrocarbons. Infrared 
analysis was employed for those functional groups that have definitive bonds for which an av- 
erage molecular extinction coefficient could be estimated. Table 1 l i s ts  the infrared bands 
and the apparent integrated absorption intensities used (7). Peak area was measured by plan- 
imetry. Quantitative IR  spectra were measured in methylene chloride with 0.5-mm NaCl  cells, 
using either a Perkin-Elmer 521 or 621 infrared spectrophotometer. Molecular weights of the 
individual fractions were determined by vapor-pressure osmometry i n  benzene, 

not imply endorsement by the Bureau of Mines. 
*Reference to specific brand names or models of equipment i s  made for information only and does 

r 
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TABLE 1. - Infrared assignments 
and apparent integrated absorption intensity 

1 Wavenumber cm-1 [ I/mole cm-* x 104 

Phenols 3500-3640 0.5 
Carbazoles 3420-3510 0.7 
Carboxylic acids 1700-1 790 1.5 
Amides 1640-1 700 1.5 

Basic nitrogen was titrated according to the procedure of Buell (11). A Beckman Model 
1063 potentiometric titrimeter with calomel and glass electrodes was used to titrate the bitumen 
solution with 70 percent perchloric acid in dioxane. The solvent system was 2:1 benzene:acetic 
anhydride. End points were determined at the inflection point of the curve. Calibration data 
allowed calculation of the percentage of titratable nitrogen in the sample. The half-neutrali- 
zation potential (HNP), the potential of the curve midway through the titration, provides infor- 
mation on the strength of the bases. 

Saturated hydrocarbons were examined with a CEC-21-1108 mass spectrometer. The 
standard method for group-type analysis (12) was used to classify compounds according t o  Struc- 
ture. 

RESULTS AND DISCUSSION 

Properties of the Bitumen 

The sandstone core from which the bitumen was extracted remained consolidated thraugh- 
out the extraction. The extracted organics represented 5.27 weight percent of the core. The 
filtration of the bitumen to remove fine inorganic materials was adequate, as evidenced by ash 
content of only 0.17 weight percent. Specific and API gravities and elemental analysis far this 
bitumen, along with literature values for other P.R. Spring bitumens are given in Table 2. 

TABLE 2. - Comparative properties of P.R. Spring bitumem 

Samde 
A B C D E F ~ 

This Main Core Core Outcrop Outcrop 
study canyon 79-to 137.to Sam le no. Sam le no. 

Property (core) seep (2) 83 f t  (2) 141 ft (2) 69-!3E (1) 67-fA (1) 
Specific aravity 60/60 .998 .974 995 1.004 1.016 969 , .  
API graviiy 10.3 13.8 10.7 9.4 8.3 14.5 
Elemental analysis 
(weight percent) 

Carbon 84.44 80 .O 86.0 
Hydrogen 11.05 9.5 10.9 
Sulfur .75 .34 .33 .40 .45 .36 
Nitrogen 1 .oo .77 .88 1.08 1 .o .67 
Oxygen(a) 2.59 

C/H (atomic ratio) .637 .702 .657 
S/bl (weight ratio) .75 .44 .38 .37 .45 .54 
(a)Determined by difference. 
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The bitumens selected for comparison are a l l  from the P.R. Spring deposit of the Green River 
Formation. Samples B, C, and D were described by Gwynn (2) and E and F by Wood and Ritzma 
( 1 ) .  Sample B i s  a surface seep from the Main Canyon. Samples C and D are core extracts, 
probably from the Douglas Creek Member. Samples E and F are outcrop extracts, again from 
the Douglas Creek Member. Although differences in  gravity ure apparent, there is-no obvious 
correlation of gravity with surface or subsurface samples. The nitrogen content i s  variable 
among the samples and i s  another indicator of the variations in composition between samples. 
Al l  samples are characteristically low in sulfur, as compared to bitumen samples from southern 
Utah or Athabasca that typically contain between 2 and 6 percent sulfur (1-4). The carbon- 
hydrogen atomic ratio of .637 indicates that the study bitumen i s  of average weight and aro- 
maticity. Gwynn reports that the average carbon-hydrogen atomic ratio for 23 P.R. Spring 
samples i s  .635. Sulfur-nitrogen weight ratios of the P.R. Spring bitumens in Table 2 are less 
than 1, which i s  atypical of both tar sand bitumens and crude oils. 

The viscosity of the study bitumen was not determined. The study bitumen was semi- 
solid at room temperature (penetration 148) and only slightly f luid at 80°C. Thus, conven- 
tional viscosity measurements were not applicable. Standardized methods for the workup of 
the bitumen and the determination o f  viscosity have not been developed. Such methods must 
recognize the effect that entrained solvents and the loss of l ight ends during solvent removal 
have on viscosity. Camp (3) indicates that variations in these two phenomena are significant 
factors in the variations of viscosities from sample to sample. 

Boilina-Point Distribution--Simulated D istillation 

The boiling-point distribution of the material in the bitumen was determined using simu- 
lated disti l lation by gas-liquid chromatography. This technique has several advantages over 
conventional assay distillations. It i s  rapid and can analyze very small samples (30 mg). The 
boiling-point determination is extended by 120°C over that of the standard Bureau of Mines 
crude oi l  analysis (BMCOA). The relatively short contact time at higher temperatures mini- 
mizes the possibility of thermal cracking, which produces artifacts and alters the disti l lation 
curve. The amount of solvent that i's entrained in the bitumen can be accurately determined 
so that i t s  effects on other properties can be calculated or estimated. Complete removal of the 
extracting solvent i s  nearly impossible, and i t s  presence i n  the bitumen affects the amount of 
recovery, the elemental analysis, and the viscosity. 

Simulated distillation affords the option of choosing cutpoints for calculation of  the 
boiling-range distribution. For purposes of  comparison with other bitumens, cutpoints were 
chosen t o  coincide with the fraction for the BMCOA distillations. The GLC conditions used 
for the present analysis are designed to analyze the high-boiling portions and wil l  not accu- 
rately resolve constituents boil ing below 125OC. Hence, fractions 1 through 4 were combined 
in the calculation. 

The simulated disti l lation results are given i n  Table 3, column A, along with literature 
values for the distillations of the P.R. Spring samples described in  Table 2 .  The 0.4 percent 
material appearing in Fraction 1-4 for this study bitumen i s  the entrained benzene left from the 
extraction procedure. One advantage of the simulated disti l lation i s  quickly apparent--m 
additional four fractions (16 through 19) are displayed, giving more information about the bitu- ' 

men. For the first 15 fractions, the simulated disti l lation results approximate those reported 
by Gwynn (2) i n  that no material boils below 250°C and the percentage of > 420°C residue i s  
high. The volues reported by Wood (l), however, vary significantly i n  that substantial amounts 
of l ight ends are shown with very l i t t le  material boil ing between 275 and 420'C. These values 



235 

Fraction 

TABLE 3. - Distillation data for P.R. SDrina bitumens 

Sample 
A b )  B C D E F 

cut ' This Main Core Core Outcrop Outcrop 
point, study Canyon 79 to  137 t o  sample no. sample no. 
"C (core) seep (2) 83 f t  (2) 141 ft (2) 69-13E (1) 67-1A (1) 

suggest that thermal cracking occurred during the atmospheric distillation stage; thus the large 
fractions below 275°C are probably cracked products thot do not reflect the original composition 
of the bitumen. These results point out the dangers and difficulties of obtaining boiling-point 
distributions of heavy bitumens by distillation and suggest that a different approach such as 
simulated distillation should be considered. 

Separation of the Bitumen 
The P.R. Spring bitumen was separated according to  the flow diagram in Figure 1.  Acidic 

compounds were isolated by using an anion exchange resin i n  the quaternary ammonium hydrox- 
ide form. Because the system i s  nonaqueous, complete ion exchange does not occur but rather 
an association between acidic types and the basic resin can be expected. Conversely, the bases 
are separated because they orsociate with the cation resin used in the sulfonic acid form. The 
acids were removed from the resin sequentially by exhaustive elution with a series of solvents 
with increasing polarity. The strongest acids require the most polar desorbing solvent and would 
appear i n  the later fractions. The bases were removed from the cation resin with similar elu- 
tions with solvents of increasing polarity. Thus, subfractions Ill and IV of the acids and sub- 
fraction Ill of the bases would contain the strongest acids and bases,respectively. 

Neutral nitrogen compounds were removed by contacting the acid- and b a s e h  bitu- 
men with ferric chloride/Attapulgus clay i n  a column system. Nonreactive hydrocarbons were 
eluted with cyclohexane. Most nitrogen complexes were eluted from the column with 
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1,2-dichloroethane, and the complexes were subsequently broken when contacted with the 
A-29 resin in the bottom of the column. Complexes which were strongly adsorbed t o  the clay 
(subfraction II) were recovered by  elution with benzene and methanol. 
are unstable in methanol, and so the A-29 resin does not retain the iron during the elution. 
Therefore, methanol had to be stripped from the sample before i t  was contacted with A-29 resin 
to remove the iron. This procedure provided two neutral nitrogen fractions for analysis. 

Iron-nitrogen complexes 

The hydrocarbons portion, which contains some neutral oxygen and sulfur, was separated 
into saturates and aromatics by adsorption chromatography on sil ica gel. Elution of  the satu- 
rates with two bed volumes of cyclohexane gave a satisfactory separation of saturates and aro- 
matics. 'The UV absorbance at 270 nm for the eluant in  1-cm cells was 0.20, indicating mini- 
mal overlap of aromatics in  the saturates. The aromatic hydrocarbons were recovered from the 
gel by  exhaustive elution with 60% benzene-&% methanol. 

The init ial separation, which provides the percentage of total acids, bases, neutral nitro- 
gen, saturates, and aromatics, gives information that could be useful in determining the value of 
a bitumen as a refining feedstock. Table 4 l i s t s  data for these five major fractions from the P. 
R. Spring bitumen and compares i t  with similar data from five petroleum residues. Data on the 
petroleum residues was obtained by USBM-API RP 60 as an extension of the studies of heavy 

F roc t ion 

TABLE 4. - Gross composition of selected bitumens 

Residue sample 
P.R Wi l -  Red Gach Prudhoe 

Spring mington Wash Recluse Saran BOY 
> 2 2 5 0 ~  > 4 8 5 0 ~  > 5459c > 7 5 0 0 ~  > 6 7 5 0 ~  > 6 7 5 0 ~  

disti l late fractions. Comparisons of the bitumen with these residues must be made with the rec- 
ognition that the residues have higher init ial  boiling points than the bitumen; i.e., the bitumen 
contains more low-boiling material. Examination of high-boiling disti l late cuts (5, 6, 8, 9) 
has shown that nonhydrocarbons (acids + bases + neutral nitrogen) are concentrated in  the high- 
boil ing fractions. 
500-600°C cut, which i s  in  turn twice that o f  the &O-500°C cut. Table 4 shows that the non- 
hydrocarbon content of the bitumen i s  high--second only to the Gach Saran residue--even 
though the bitumen contains 30 t o  50 percent material in the 275 t o  50OOC boiling range which 
i s  absent in the residues. This suggests that a comparable initial-boiling-point residue of the 
P.R. Spring bitumen would have an unusually high content of nonhydrocarbons. 

In general, the nonhydrocorbon content of the residue is twice that of the 

An additional experiment provided semiquantitative data t o  show the high nonhydrocar- 
bon content of a comparable residue from the bitumen. The hydrocarbon portion (saturates and 
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Wt. per- 

Fractian bitumen weight 
cent of Mojecular 

aromatics) of the bitumen was examined by simulated distillation, which showed that 85 per- 
cent of these hydrocarbons boiled below 532OC. Because these hydrocarbons represent 50.6 
percent of the bitumen, the 85 percent below 532°C represents 43.0 percent of the bitumen. 
The simulated distillation of the total bitumen shows 48.9 percent boil ing below 532°C (Table 
3). Of this 48.9 percent, 43.0 percent i s  hydrocarbon, leaving 5.9 percent as nonhydrocarbon. 
Calculations based on these data show that a > 532T residue of the bitumen would have a nan- 
hydrocarbon content of 84 percent, as compared to a nonhydrocarbon content of 27to50% for 
comparable petroleum residues. The unusually high nonhydrocarbon content suggests that ad- 
ditional problems would be incurred in refining processes which are typically sensitive to  non- 
hydrocarbons. 

Weight percent of fmction 
Carboxylic 

acids 

Another major difference between the tar sand bitumen and the petroleum residues is  
In al l  the petroleum samples, the base content i s  higher than the acid suggested in Table 4. 

content. In the P.R. Spring sample the acids are higher than the bases. This could be an indi- 
cator o f  the.differences in oxidation, maturation, or origin for the tar sand bitumen as compared 

.to crude oils. 

' Analysis of Defined Fractions 

Acid, base, and neutral nitrogen compounds were eluted from their respective adsorbents 
by gradient elution. These fractions were examined further for functional groups by infrared 
spectroscopy. On ly  those functional groups that were characteristic and that were sufficiently 
resolved from other bands to be integrated could be used. These bands with their apparent in- 
tegrated absorption intensities (6) are listed in Table 1. All carbonyl absorption between 1700 
and 1790 cmL1 was attributed to  carboxylic acids because other carbonyl compounds such as 
esters and ketones are not retained by the resins and would not be present i n  the nonhydrocarbon 
concentrates. A carbon91 band that occurred about 1700 cm-' could be classified as either 

' acids or amides by examining the spectrum taken in THF; THF wi l l  break up the association of 
acids, and the free acid carbonyl band wil I shift to a higher wavenumber (1 3). 

The results of the' infrored analysis of the nonhydrocarbon compounds are given in Table 5. 

TABLE 5. - Infrared analysis of nonhydrocarbon concentrates 

Bases I 2.0 855 

Ill 8.8 952 
II 1.5 (900est.) 

trace 67. 33 
55 45 
17 83 

Neutral 
nitrogen I 10.3 982 32 55 13 

I I  8.2 (982 est.) 17 51 32 __---_----------_--------------- 
Weight percent of bitumen 

Total 46.2 4.9 1.3 7.7 20.1 12.2 

I 
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The accuracy of the molecular weights given, which were determined by vapor-pressure osmom- 
etry in benzene, is.subject to the degree of intermolecular association exhibited i n  the fractions. 
For very polar molecules such as strong acids or bases, this association could be considerable. 
Along with the estimation of the apparent integrated absorption intensities, this determination 
i s  the largest source of possible error in  the analysis of compound types by infrared spectroscopy. 
The results i n  Table 5 show that carboxylic acids and phenols are found only in the acid concen- 
trates. Carbazoles (pyrrolic N-H) and amides, however, are found in a l l  three major nonhydro- 
carbon fractions. The appearance of the same compound type in  several fractions i s  presumably 
explained by differences i n  acidity or basicity which are caused by the hydrocarbon portion of 
the molecule. Multifunctionality could also be a factor in the distribution of compound types. 

Major differences occur between the four acid subfractions. Acid subfraction I i s  rela- 
t ively concentrated in nitrogen acids, subfraction II i n  phenols, and subfractions Ill and IV in 
carboxylic acids. The separations greatly facil i tate infrared analysis because the high concen- 
tration of compound types results in a higher intensity of the infrared absorption bands. 
dition, the separations provide fractions which are amenable to further studies such as the deter- 
mination of the chemical properties and reactivity o f  the compound types present. 

In ad: 

The base fractions contain substantial quantities of amides. Predictobly, more amides, 
which are weak bases, appeared in the weak base fractions I and II than i n  the strong base 
fraction Ill. Tl;e neutral nitrogen compounds are largely carbazole and amide types. This, 
agoin, i s  expected because both types ore generally nonreactive nitrogen compounds. 

in order to analyze the base subfractions beyond the capabilities of  infrared spectros- 
copy, the three fractions were titrated for basic nitrogen to determine the average strength of 
the bases and the amount of t itratable nitrogen present. The results are given in Table 6. 

TABLE 6. - Potentiometric titration of bases 

St ng 3ases Very weak bases Bases 
HNP t i  tra to bl e(a) HN P I8 

Fraction (mv) Wt. % N  (mv) Wt. % N Wt. % 
Bases I 483 1.12 68 

II 429 1.42 91 
Ill 231 1.65 466 0.16 123 

(a)Assuming monofunctional i ty  and using molecular weights from Table 5.  

(b)Half-neutral ization potential. 

The first two base fractions contain only very weak bases. These bases.titrate with an HNP 
roughly equivalent to amides (1 1). Base fraction I was shown to contain 67 percent amides by 
IR, and thus i t  i s  l i ke ly  that essentially al l  of the titratable nitrogen in this fraction i s  of the 
amide type. Base fraction I1 contains 55 percent amides (by I R  analysis) and 36 percent t itra- 
table nitrogen types other than amides. This type(s) i s  a stronger base than the amides because 
of  the lower HNP exhibited in  this fraction than in bases I. A further indication that the un- 
identif ied bases are stronger than amides i s  that bases II have been defined as being stronger 
than bases I by the separation procedure. Bases 111, which comprise over 70 percent of the 
total bases, contain large quantities of strong bases; essentially no weak bases are present in 
this fraction. An HNP of 231 could result from alkyl pyridines or quinolines (11). Strong 
nitrogen bases that have been found in crude oils have been predominantly of the pyridine type. 
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A tentative identification of condensed benzologs of pyridine has been made in this P.R. Spring 
bitumen by fluorescence spectroscopy. An accountability of over 100 percent could result 
from an inaccurate molecular weight determination caused by polar base association. Further, 
multifunctionality (more than one nitrogen per molecule) would cause an art i f ical ly high ac- 
countability. O f  the total 1 .OO percent nitrogen present in  the P.R. Spring bitumen, .11 per- 
cent i s  found as carbazoles, .31 percent as amides, .15 percent as strong bases, and .43 per- 
cent unidentified. 

a 

A group-type analysis o f  the saturated hydrocarbons was obtained using a modification 
of the mass spectral method originally proposed by Hood and O'Neal .  This method allows the 
determination of satumted hydrocarbons according to number of rings. Table 7 l i s t s  the results 
of this analysis. The data show that over 60 percent of the saturates are 2-and 3-ring com- 
pounds. 

' TABLE 7. - Group-type analysis of P.R. Spring saturated hydrocarbons 

Number of rings Wt. percent of saturates 

0 7.1 
1 12.3 
2 29.4 
3. 31.5 

- 4  14.1 
5 4.4 
6 1.3 

Monoaromat ics 0 

Group-type analysis of aromatic hydrocarbons was not obtainable because of the wide 
molecular-weight ranges represented within a given series of compounds. The characterization 
of a bitumen sample with a discrete boiling range would al low group-type analysis of aromatics. 
The disti l lation and subsequent characterization of distillates and the residue were, however, 
beyond the scope of the present work. 

CONCLUSIONS 

A preliminary characterization of a Utah tar sand bitumen has been made using methods 
developed for high-boil ing petroleum fractions. The characterization includes information 
about the major compound types. This information can be compared with similar data for other 
tar sands bitumens and, more importantly, can be correlated with data from petroleum samples 
for which refining characteristics are known. Examination of  the P.R. Spring bitumen showed 
that it differed significantly from representative petroleum residues, principally in  i t s  high non- 
hydrocarbon content. Compositional information i s  important because of the effects that com- 
position has on the recovery and processing of  the bitumen. 
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SGLUBLLITY OF. SlLlCA IN BASIC ORGANIC SOLVENT SYSTPl 

W. C. Meyer and T. F. Yen 
Departments of Geological Sciences 

and Chemical Engineering 
University of Southern California, University Park 

Los Angeles, California 90007 

The release of petroliferous organic compounds contained in Green 
River oil shale can be affected only after breakdown of the entrapped 
mineral matrix, predominantly dolomite (ca%(c(Jg)2) and quartz (si021 (1) 
Dolate is readily solubilized in an acid medim, but removal of quartz 
presents a problem. un previous occasions it had been noted that during 
distillation, potassium hydroxide (KOH) pellets in boiling pyridine dis- 
solved through a Pyrex flask, suggesting that basic organic solvents 
with potassium hydroxide may serve as good silica solvents. 

solvent systems, prepared as follows: 
Experiments were designed to rest the solubility of quartz in several 

1) 200 ml quinoline plus 60 g potassium hydroxide pellets added 
directly . 

2 )  100 ml quinoline plus 100 ml saturated aqueous potassium hydroxide. 

33 200 ml pyridine plus 60 g potassium hydroxide pellets added 
directly. 

4) 100 ml pyridine plus 100 ml saturated aqueous potassium hydroxide. 

5 )  200 ml glycerol plus 60 g potassium hydroxide pellets added 
direct 1y. 

6) 200 ml saturated aqueous potassium hydroxide. 

Each of these systems were added to a measured amount e 5  g) of crushed 
((125 p) quartz in a stainless-steel beaker, and heated to its boiling 
point at atmospheric pressure for a period of five hours. Quartz was chosen 
for these experiments because of ics  tight crystalline structure and 
relative insolubility in relation to other silica species ( 2 ) .  Solubility 
values for this mineral would represent a minimum for a given solvent 
system with respect to silica. 

flask of cold water over the mouth of the beaker. Undissolved quartz was 
trapped in base-resistant sharkskin filter paper and thoroughly washed with 
distilled water. The residue was then dried and weighed. Xeight loss is 
expressed as percent of original weight (Table 1). 

solvent vapor was refluxed into each system by placing a volumetric 

TABLE I 

quartz 

Solvent System Temp. OC Time (hr.1 =. loss*(%l 

Fuinoline + KCH pellete 2 35 5 55 

Quinoline + Saturated Aqueous KGH 155 5 36 
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TABLE I (cont.) 

Solvent Svsta T a u _ .  OC Time (bra Wt. loss*C%L , 
Pyridine + KCH pellets 130 5 3 

\ 

Pyridine + Saturated Aqueous 
KUH 115 5 7 

Glycerol + KOH pellets 179 5 29 

\ Saturated Aqueous KCH 110 5 9 

I bil Shale 

Quinoline + K U i  pellets 2 35 5 37 

*Figures are mean values for duplicate runs. 

Problems were encountered in cleaning the undissolved quartz of 
gummy residue and precipitated potassium hydroxide which often formed as 
the solution cooled during filtering. 
soluble and was eliminated by repeated washing. 

In most cases, the residue was water 

DISCUSSION 

From the accumulated data (Table I) it can be seen that, of the 
solvent systems investigated, quinoline plus potassium-hydroxide pellets 
provided the best results, followed by a mixture of quinoline and aqueous 
saturated potassium hydroxide. Mixtures of pyridine and potassium 
hydroxide. 
affective. 

than a basic aqueous system, especially since potassium hydroxide is not 
readily soluble in quinoline. 
quinoline result in a dense milky suspension. 
the active agent, perhaps a quaternary organic salt, that in water serves 
as a better hydroxyl source than solid potassium hydroxide. Practical 
grade quinoline was used for these experiments, and this may contain enough 
water to dissociate a quaternary salt. 

Wixtures of pyridine and potassium hydroxide did not prove 

It is not clear why a basic quinoline system dissolves more quartz 

Attempts to dissolve potassium hydroxide in 
This suspension may contain 

A more probable explanation is that all the studied system are under 
going aqueous potassium hydroxide reaction with quartz, and that the dif- 
ferent degrees of solvent efficiency is merely a direct function of the 
temperature at which these reactions are occurring. Siever (3) has found 
that the solubility of silica in water increases with temperature, and it 
seema reasonable to assume that this general relationship is true for 
aqueous potassium hydroxide systems as well. All solvents used for these 
experiments, with the exception of pyridine, would be expected to contain 
small but perhaps significant amounts of water. There seems to be a 
qeneral correlation between solvent capability and boiling point of the 
system (Fig. 1>, suggesting that the organic solvents serve merely as a 
substrate to elevate the temperature of aqueous reactions. 

A glycerol system was chosen to test this hypothesis, because its 
boiling poirrr is considerably higher than that of other solvents used 
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i n  these experiments. 
form a complex with a r e l a t i v e l y  low bo i l ing  po in t  of 179OC, nonetheless  
the temperature and solvent  c a p a b i l i t i e s  of th is  system a r e  i n  keeping 
with the proposed thesis. 
poor results, but s i n c e  r eagen t  grade pyridine should have a n e g l i g i b l e  
water  con ten t ,  the p o s s i b i l i t y  of a good aqueous r e a c t i o n  i s  eliminated. 

be expected t o  provide ample w a t e r  f o r  r e a c t i o n ,  but would a l s o  decrease 
the b o i l i n g  point  of the system. The decrease i n  so lven t  e f f i c i e n c y  of 
t hose  systems t h a t  a r e  aqueous by design m i g h t ,  t hen ,  be a t t r i b u t a b l e  t o  
t h e  decreased temperature of r eac t ion .  T o  support  o r  disprove t h i s  
hypothesis ,  a d d i t i o n a l  experiments a r e  planned t o  a s c e r t a i n  t h e  so lven t  
c a p a b i l i t y  of each of t h e  s tud ied  systems a t  t he  same temperature.  

TO test the p r a c t i c a l  a p p l i c a b i l i t y  of t h e  qu ino l ine  so lven t  system, 
a sample of raw crushed (4125 Green iiiver o i l  s h a l e  w a s  ex t r ac t ed  for 
f ive hourse with qu ino l ine  anblpotassiwn hydroxide p e l l e t s .  The sample 
underwent a 37% w e i g h t  l o s s ,  probably represent ing a l a r g e  po r t ion  of t h e  
q u a r t z  and o the r  s i l i c a t e s  contained i n  t h e  rock. X-ray ana lys i s  should 
provide an accu ra t e  eva lua t ion  of any mineralogic changes r e s u l t i n g  from 
th i s  ex t r ac t ion .  

I t  was found t h a t  g lyce ro l  and potassium hydroxide 

The pyridine system produced s u r p r i s i n g l y  
. .  

Addition of aqueous potassium hydroxide t o  the organic  so lven t  would 
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DIFFEUSCbS AMOS(; (!%OClXITES 

Robert F. Mnrschner nnd J. C. Winters 

- 

Research and Development lkpartnirirt, Amoco Oil Compnny 

Snperv i l l e ,  I l l i n o i s  60540 

AILSTItACT 

O f  the unusual organic  minerals  nnt ive t o  vnrious p a r t s  of t h e  world, 

none are more c h a r a c t e r i s t i c  thnn t h e  vaxy ozoce r i t e s  t h a t  occur i n  c e r t a i n  

mountainous regions.  n-Alkanes longer thon tliose found i n  t y p i c a l  petroleum 

waxes hare been recognized ns t h e  major component. Deposita a r e  now l a r g e l y  

exhausted, bu t  n ine  samples were obtained f o r  exmina t ion  from t h e  F ie ld  

Museum and o t h e r  mineral  c o l l e c t i o n s .  

Separation by temperature-programmed gns chromatogrnphy shoved t h a t  two 

17 t o  21 cnrbons and 29 t o  pairs of groups of n-alkanes were most nbundnnt: 

33 carbons, i n  which homologs of odd carbon numbers predominated, and 42 t o  

50 and 58 t o  62 carbons,  i n  which even-numbered homologs predominated. 

G a l i c i s  ozoce r i t e s  belong almost exc lus ive ly  t o  the  second group, whereas 

Utnh ozoceri tes  n r e  l n r g e l y  mixtures of t h e  second and t h i r d .  

These favored groups mny r e l n t e  t o  those previously observed i n  n-nlkanes 

i s o l a t e d  from petroleum. 

nnd 23 t o  29, with '  odd carbons predominrkl.ing. 

three possible  sources  f o r  ococe r i t e .  

There t h e  mos' 'undant  chain lengths  a r e  11 t o  17 

The n-alkane pn t t e rns  suggest  

c 

!I 

i 

I 
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INTRODUCTION , 

Because of their usefulness and relative abundance, there are no more 
' 

commonplace minerals thnn con1 and petroleum. 

promise to become almost as familiar. 

less frequently now seem peculiar in comparison, especinlly because most 

deposits have become depleted or exhnusted. O f  these, none are stranger 

thnn earth w a x  or ozocerite. 

Oil shales nnd tnr sands 

A dozen other orgnnic minerals found 

Ozocerite and several similar waxy minerals occur in a hundred places 

nround the world, usually but not always in mountainous areas. 

is associated with other organic deposits. 

Galicia, along the southwestern flank of the Carpathimi Mountains, especially 

near Borislav. Scattered deposits are associated with the Caucnsus in Russia. 

the Wasatch in Utah, and lesser ranges elsewhere. Cumulative world production 

may hnve reached as much as a million tons, possibly one-tenth of it in the 

U.S.A. 

Ordinarily it 

Its densest occurance is in 

The biggest use vas in leather polishes. 

n-Alkanes longer than those typical of petroleum are clearly the character- 

istic components of ozocerite. The melting points range upvards from those of 

petroleum waxes, the densities and refractive indices are somewhat higher, and 

the solubilities in various solvents are much lover. 

at least, branched and cyclic saturntes are also present ( 1  ). 

In brislav ozocerite, 

The high losses 

incurred in refining ozocerite with sulfuric acid to produce ceresin6 suggest 

gross admixture with polar substances as well. 
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Jus t  enough is known nbout the  conl imi t ion  of ozocer i te  t o  pose a series 

of  i n t e r e s t i n g  ques t ions .  

thnn petroleum, s imultnneously v i t h  i t ,  or subsequently from i t ?  How can 

such s p e c i f i c  s t r u c t u r e s  a s  n-alknnes be nccounLed f o r :  by biosynl l ies is ,  

I n  what manner w n s  ozoccri t o  formed: d i f f e r e n t l y  

migrntion, a l t e r a t i o n ,  o r  some o t h e r  mrnns? Uo the ii-nlkanea i n  ozocer i te  

c o r r e l n t e  with t h e  presence of high-melting W I L X ~ ? ~  i n  some p a r a f f i n i c  crudes 

and t h o i r  absence i n  some nsphnl t ic  crudes? Study o f ,  t h e  chnin-length d i s -  

t r i b u t i o n  of t h e  n-nlknnes i n  oaocer i te  nnd comparison wi th  tlut i n  

petroleum ( 2 )  Ought t o  sugge3t nnswers t o  such quest ions.  

The n-alknne d i s t r i b u t i o n s  of nine S N I I ~ J ~ C S  o f  ozocer i te  were Accordingly 

obtnined by prourmed- temperntare   AS cIiromntoKrnphy. 

f requent ly  re f ined  before  marketing by melt ing i n  b o i l i n g  water ,  nnd w e  s a i d  

t o  be commonly d u l t e r n t e d  with cheaper waxes. 

t i o n s  wns cons tnnt ly  wntchnd fo r .  

Oaoceri tcs were 

Et idcnce f o r  such morlifica- 

EXIIWFEVTAL 

Although o z o c e r i t e  cnn no longer  be oblnined d i r e c t l y  from the  h i s t o r i c a l  

soiirces, pieces  e x i s t  i n  museum c o l l e c t i o u s .  

F ie ld  !fuseurn of Nntural  Itistory through t!ie cour tesy  of blr. 13. 0 .  Woodland 

made up  t h e  bulk of t h e  meterial f o r  t h e  present  s tudy.  

c a n t  was the  sample from t h e  I n d u s t r i a l  and Ayr icu l turn l  Museum n t  Wnrsaw, 

which c a r r i e d  t h e  d e s c r i p t i o n :  " h r t h  wax i n  unref ined state d i r e c t l y  a f t e r  

cxcavntion from t h e  mine. 

Indus t ry  n t  Ikryslnw." 

nre offered  i n  Table I. 

Seven snmples provided by t h e  

Espec in l ly  s i g n i f i -  

From t h e  Assoc:nLitm for  Farth Wnx nnd Hock Oil 

F u r t h e r  in formnt iw on these and two o t h e r  samples 

I 
/ 
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e 
Gns chromntograms were run on a dual Hewktt-Pnckard 5750 instrument 

A 

tempernture-programmed to 400' C at,a rate of 10' per minute. 

6-meter lengths of 3 mm tubing, packed with 3% OV-1 on chromosorb G-W. 

Detection was by hydrogen-flme ionization. 

dissolved in cnrbon bisulfide brfore running. 

Columns were 

The ozocerite samples were simply 

Typical chromntograms are shown in the two panels of Figure 1. Time from 

injection in minutes is given at the bottom and the positions of successive 

n-alkanes at the top. 

Ozocerite H-23 nt the top ranged from 16 to 59 carbons, and the Russia ozoc- 

erite at the bottom rnnged from 13 to 54 carbons. 

400" vas reached nenr 37 carbons with both samples; at this point, about one- 

third of the Hussia ozoccrite had, emerged, and about two-thirds of H-23. 

Inserts show hends nnd tails in greater detail. 

The hold temperature of 

Successive n-alkanes are clenrly the major constituents. Two adjacent 

doublets near the starts of the curves locnte n-heptndecane-pristane and 

n-octadecane-phytane, which serve ns unambiguous counters for the n-alkanes. 

In addition, n-docosane was occnsionally added to provide an internal standard 

at 22 cnrbons, and a heavy paraffinic petroleum was run daily as an external 

standnrd. 

Helative amounts of individual n-alkanes were determined by measuring 

areas under the successive peaks above the bnseline representing the back- 

ground of unidentified intermedinte components. Total nmounts of n-alkanes 

given in Table I are based on estimntes of the amounts of background, which 

increnses regularly with column temperature. Thc n-alknne content of H-23 in 

Figure 1, for example, is clearly much lnrger than that of the Hussia sample. 

For comparing ozocerite compositions, logarithmic plots of the amounts of the 

successire n-alkanes were made for ench. 

I 
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DISCUSS ION 

Such p l o t s  f o r  a l l  o z o c e r i t e s  are presented i n  t h e  t h r e e  panels  of 

Figure 2. As wns evident  i n  Figure 1, n1terriat.e ri-nlkanes o f t e n  predominate, 

e s p e c i a l l y  where t h e  amounts nre large nnd d i f f e r e n c e s  a r e  most d i s t i n c t .  

As ter i sks  i d e n t i f y  n-nlkanes t h a t  show c l e n r  predominance over  ad jacent  homo- 

logs i n  e i t h e r  t h e  o r i g i n a l  chromatogriuns or the  logari thmic p lo ts .  

I n  the  bottom panel, ciirves f o r  n11 three  ( ia l ic in  ozocer i tes  almost co- 

incide.  Homologs of 27 t o  31 carbons eac11 make up more than about lo$ of t h e  

n-nlkane mixture. The biggest d i f fe rences  occur  near  the ends: the  Standard 

O i l  srunple shows a small b u t  d i s t i n c t  second peak at 50 t o  52 carbons; t h e  

Yard's snmple shows a shoulder  near  50 ciwbons, ns well  ns s t n r t i n g  t h r e e  car-  

bons lower; nnd t h e  Wnrsnw Musetun smplo  is nnrrowest and t h e r e f o r e  tallest. 

The Ynrsnw composition might be dupl ica ted  by renlovillg the  last 1% of t h e  o t h e r  

a m p l e s ,  perhaps by c r y s t n l l i z n t i o n  from a so lvent ,  hu t  t h e r e  is no evidence of 

adul te ra t ion .  

Near the 27 t o  31 penk o f  G a l  i c i n  ono.:eri tea ,  odd-numbered n-alkanes pre- 

dominnte.' By 40 t o  44 rarbons,  however, a prrdominnnce of even carbons appears. 

The switch occurs  between 37 and 78 carbons.  suggest ing t h a t  t h e  n-alkanes 

der ive  from two overlapping sources. 

In the  middle panel of Figure 2 ,  curve: f o r  the t h r e e  Utah ozocer i tes  are 

d i s t i n c t l y  d i f f e r e n t .  

much l i k e  the Galicia ozocer i tes .  

33 t o  37 nnd n smnll one n t  ho, somewhnt l i k e  a t i i l l ic in  curve displaced 11 few 

cnrbons t o  t h e  r i g h t .  

a t  58 t o  62 match For t  Yorth, but the s t rong  peek a t  44 t o  4R matches Kyune. 

Thc Kyune s m p l e  penks nciir 29, and pln teaus  n t  42 t o  50, 

The Port Worth yiunple hns n l a r g e  peak a t  

The S o l d i e r  Sumnlit platec\u a t  33 t o  37 and a small  peak 



The n-alkane predominances help to sort out the Utah differences, The 

Port Worth peak nnd Soldier Sununit plateau at 33 to 37 have odd predominance, 

whereas the Kyune plntenu and Soldier Summit peak at 44 to 48 have even. The 

only anomnly is that the Fort Worth snmple retnins its odd predominance beyond 

the switch at 37 cnrbons. 

In the bottom panel of Pigurr 2, the three remnining ozocerites are again 

different. 

one at 29 to 3 3 ,  both with odd prcdominnnce. 

starting at 17, a peak with even predominance at 42 to 46, and whnt may be a 

shoulder with odd predominance between around 31 to 35. 

has a strong peak with odd predominnnce at 29 to 33 and a plateau with even 

predominance at 42 to 52. Only n-alkanes vith 38 or more carbons show even 

predominance, nnd only those with 37 or less show odd. 

The Pennsylvania snmple has a veah peak at 17 to 21 and a strong 

The Hussin sample ha9 a plateau 

Pinnlly, sample It-23 

Ozocerites thus hnve widely different pntternu of n-nlknne distribution, 

yet it is the similarities that nre mo?rt remarkahle. 

17 to 21 and 29 to 33-plus with odd predomirlance, and 42 to 50 and 58 to 62 

vith even predominance. 

Pour ranges are favored: 

Percrntages of the rnnges.represented in ench ozocerite are surmnarized 

in Tnble 2. 

range, whereas Utah and Kussia samples are largely mixtures of the 17-to-21 

and 42-to-50 ranges. 

Pennsylvania and (ialicin samples consist mainly of the 1740-21 



252 

CO~CLUSIOH 

These ranges appear  to  relate t o  those previously found i n  petroleum, t h e  

n-alknnes i n  s e v e r a l  of which show tvo fnvored ranges below 15 cnrbons ( 2 ) .  

Compositions of t h r e e  typical petroleums a r e  p lo t ted  logar i thmicnl ly  i n  

Figure 3 i n  t h e  same vay ns t h e  ozocer i tes .  The n-alknnes from Darius petro- 

leum simply diminish r q y l a r l y ,  with no c l e a r  prcciominnncc! of nny carbon num- 

bers .  Although a peak occurs  a t  7 cnrbons, it [irobnbly resu l ted  from separa- 

t i o n  of na tura l  gns dur ing  production nnd perhaps losses of  v o l a t i l e  components 

afterwards. n-Alkanes from John Creek petroleum peak a t  11 t o  17 carbons with 

a s t r o n g  odd-carbon predominsnre. 

7 t o  13 carbons, nnd a medium peak with odd predominance a t  23 t o  29. 

fo r  o r i e n t n t i o n  i n  Figure 3 are dnshed l i n e s  f o r  t h r e e  

Uinta &sin 11-alkanes show a pln teau  n t  

Also shovn 

o r o c e r i t e s ,  one from each of  t h e  pnnels of Pigure 2. 

i tes overlap those  from petroleum. Considering t h e  e n t i r e  rnnge, at least 

t h r e e  d i s t i n c t i o n s  cnn be mnde: (A )  n-alknnes of about 10 t o  2 0  cnrbons, i n t e r -  

mediate i n  abundance, and wi th  n s t rong  odd preference,  r e l a t a b l e  t o  natural  

fa t ty  ac ids  (2) ;  (B) n-all nnes of almost nny chain  lenRth, most abundant and 

v i t h o u t  odd o r  even prefe tence ,  for which no s a t i s f a c t o r y  explanat ion has  y e t  

been advanced; and (C)  n-:.lkanes of more than 40 cnrbons, low i n  abundance and 

with a d e f i n i t e  even preference ,  t h a t  mny be assoc ia ted  i n  some way with 

doublint: of t h e  odd preference  of shor te r  n-alkanes. 

The n-alkanes i n  ozocer- 

Answers t o  t h e  q u e s t i o n s  posed e a r l i e r  requi re  R knowledge t h a t  w e  do not  

have of t h e  i n t e r r e l a t i o n s  nmong these  three  d i s t i n c t i o n s ,  i f  indeed t h r e e  are 

a l l  t h e r e  are .  

and a subsequent t r a n s f o r m t i o n  (C) occur is hclpr'ul. Ozocerite vould then be 

formed from petroleum, i n  which n-alkanes a l ready  e x i s t ,  probably by a bio- 

chemical process t h a t  would preserve predominance. 

An assumption t h a t  tvo independvnt o r i g i n a l  syntheses  ( A  and 8 )  
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TABLE I 

DESCRIPTIONS 0 F OZOC E R I  TE S 
( o b t a i n e d  from F i e l d  Museum, excep t  a s  no ted )  

O r i g i n a l  Source 

Boryslaw, Ga lac i a  

G a l a c i a ,  A u s t r i a  

Barys l av ,  Poland 

Bedford,  Pa.  

Russ i a  

F o r t  wor th ,  Utah 

Kyune, Utah 

S o l d i e r  Summit, Utah 

11-23 (Utah?) 

D e s c r i p t i n n  

Sample No. 110 

-- 
Note a t t a c h e d  

N a t i v e  p a r a f f i n  

C a s t  c y l i n d e r  

-- 
N a t i v e  p a r a f f i n  

From mine 

Source  unknown 

O r i g i n a l  Donor 

Ward's N a t .  S c i .  Es t ab .  

Standard O i l  Coinpany 

Ind .  Ag. Muscum Warsaw 

Standard O i l  Company 

Worlds Columbian Expos. 

C o l l e c t e d  by W .  J. McKay 

C o l l e c t e d  by 11. M. Block 

* 
9r?: 

Approximate 
% n-alkanes 

85 

93 

82 

80 

95 

89 

95 

93 

* From U n i v e r s i t y  of  I l l i n o i s ;  donated by Reino K a l l i o .  
* From Colorado School of Mines; donated by A.  S o  Houghton. 
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TABLE I1 

COMPOSITIONS OF n-ALKANES IN OZOCERITES 

Nominal Carbon Range 

Predominance 

Bedford, Pa. 

Warsaw (Galicia)  

Ward's (Galicia)  

Standard O i l  (Galicia)  

Kyune (Utah) 

H-23 

Fort Worth (Utah) 

Russia 

Soldier Summit (Utah) 

17-23 - 
Odd 

16 

1 

3 

7 

29-33 - 
Odd 

a4 

97 

97 

96 

92 

70 

69 

13 

18 

46-50 

Even 

3 

3 

4 

7 

24 

29 

80 

80 

58-62 

Even 

3 

2 

2 
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FIOIJRE 1 

GAS CHROMATOGRAMS OF TYPICAL OZOCERITES 

H-23 

retention time, minutes 

carbon atoms 
0 
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FIGURE 2 

n-ALXANES IN OZOCERITES 
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FIOURE 3 

n-ALKANES IN PWTHOLElM 

OVERLAP THOSE IN OZOCFRITBS 
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CHARACTERIZATION OF SYNTHETIC LIQUID FUELS 

by 

R. G. Ruberto, D.  M. Jewel l ,  R. K. Jensen*, and 
D. C .  Cronauer 

Gulf Research & Development Company 
P i t t s b u r g h ,  PA 15230 

INTRODUCTION 

In order  t o  d e c i d e  what is t h e  bes t  use of a f u e l ,  n a t u r a l  o r  

s y n t h e t i c .  and/or which one  out  of a number of f u e l s  i s  the b e s t  f o r  a 

s p e c i f i c  a p p l i c a t i o n ,  it is necessary t o  (1) know the c h a r a c t e r i s t i c s  of 

each  f u e l ,  and ( 2 )  be a b l e  t o  compare t h e  c h a r a c t e r i s t i c s  of one f u e l  d i r e c t l y  

w i t h  those of another .  

Experience has  shown t h a t  i n  order  t o  obta in  meaningful r e s u l t s  i n  

analyzing petroleum crudes and res idues ,  i t  i s  necessary t o  s e p a r a t e  a sample 

i n t o  a c e r t a i n  number of well-defined f r a c t i o n s  and t o  analyze these  f r a c t i o n s  

i n  d e t a i l .  

a r r i v e d  a t  by combining t h e  r e s u l t s  of t h e  analyses  on each f r a c t i o n  i n  a 

Conclusions as t o  t h e  composition of t h e  o r i g i n a l  sample a r e  then 

manner cons is ten t  with t h e  s t e p s  performed t o  obta in  them. 

is used for  t h e  s y n t h e t i c  l i q u i d  f u e l s  and t h i s  paper r e p o r t s  our  r e s u l t s .  

obtained on such m a t e r i a l s .  

This  same approach 

The l i t e r a t u r e  on t a r  sands and t a r  sand bitumen is not  very r i c h .  

a s  compared t o  t h a t  on s h a l e  o i l s  and coa l .  Most of t h e  cur ren t ly  a v a i l a b l e  

d a t a  a r e  l imi ted  t o  the  m a t e r i a l  of t h e  Athsbasca d e p o s i t ,  i n  t h e  Province of 

Alber ta ,  Canada, pr imar i ly  because of its s i z e  and loca t ion .  

information on t h e  Athabasca t a r  sands and tar sand bitumen is a v a i l a b l e  i n  

References 1 and 2 .  

by var ious workers. 

Detai led general  

In a d d i t i o n ,  t h e  a n a l y s i s  of t h i s  bitumen has  been reported 

3 7  

* Present  Address: Ford Motor Company, P. 0. Box 2053, Dearborn, M I  48121. 
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i 

The l i t e r a t u r e  on o i l  s h a l e  and sha le  o i l s  is much r i c h e r  and 

goes back sevqra l  decades. 

the l i t e r a t u r e  deals  only with one o i l  sha le  formation, t h e  Green River 

Formation. 

However, due t o  its size and l o c a t i o n ,  most of 

Space l i m i t a t i o n s  p r o h i b i t  a l i t e r a t u r e  survey here ;  however, much 

information on o i l  sha les  and sha le  oils, i n  genera l ,  is found i n  References 8 

through 11, while the  remainder of t h e  ava i lab le  d a t a  can be divided i n t o  two 

general  ca tegor ies .  

1. Data obtained on s h a l e  o i l s  produced by var ious r e t o r t i n g  

methods with t h e  purpose of obtaining a f ~ e l . ~ ’ - ’ ~  , 

2. Data obtained on sha le  o i l s  produced by solvent  e x t r a c t i o n  

24-35 methods f o r  geological  and geochemical s t u d i e s .  

An enormous amount of d a t a  deal ing with a l l  aspec ts  of t h e  chemical 

and physical  p roper t ies  of c o a l  is ava i lab le ;  however, only four reviews have 

been referenced which a r e  p a r t i c u l a r l y  comprehensive. 36-39 

EWERZMENTAL. 

A. Samples Preparat ion 

The coal l i q u i d s  were derived from the c a t a l y t i c  l i q u e f a c t i o n  of 

Pi t tsburgh Seam bituminous and Wyoming subbituminous coals .  The a n a l y s i s  of 

these coals  is given i n  Table I. The coals  were l iquef ied  i n  a bench-scale 

c a t a l y t i c  u n i t  using cyclone overhead product as  recycle  nolvent t o  insure  tha t  

the l iqu id  products were der ived from the  coa l  and not the so lvent .  .The product 

streams from the  u n i t  consis ted of gases ,  water, l i g h t  ends t y p i c a l l y  b o i l i n g  

i n  the range of 150-50OoF, and s l u r r y .  

remove the undissolved coa l  p lus  mineral matter p r i o r  to  ana lys i s .  Based on 

The s l u r r y  product was f i l t e r e d  t o  
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a calculated m a t e r i a l  balance f o r  processing 1.0 ton of as-received Pi t t sburgh  

Seam coal, t h e  l i g h t  ends and f i l t r a t e  y i e l d s  were 135 and 1,350 pounds, 

respec t ive ly .  S i m i l a r l y ,  y i e l d s  of l i g h t  ends and f i l t r a t e  from the subbituminous 

coa l  were 265 and 740 pounds, respec t ive ly .  

h e r e a f t e r  r e f e r s  t o  t h e  f i l t e r e d  s l u r r y  product with a bo i l ing  point  above 130'F. 

The term "coal l iqu ids"  as used 

A sample of r a w  bitumen recovered from Athabasca t a r  sands was 

analyzed without f u r t h e r  upgrading. This sample was provided by Sun O i l  Company. 

Three d i s t i l l a t e  c u t s  of s h a l e  o i l  were obtained from The O i l  Shale 

Corporation and were a l s o  analyzed without f u r t h e r  upgrading. 

B. Separation I n t o  F r a c t i o n s  

40 The s e p a r a t i o n  procedure, developed f o r  petroleum crudes and res idues ,  

is i l l u s t r a t e d  i n  F igure  1. 

b o i l i n g  point  higher  t h a n  470'F. 

This procedure i s  appl icable  t o  samples having a 

The d i s t i l l a t i o n  st,ep is necessary only with samples containing low 

b o i l i n g  materials. These m a t e r i a l s  must be removed s ince  they would be l o s t  

during t h e  subsequent s t e p s  i n  which so lvents  a r e  used and then evaporated t o  

recover the f r a c t i o n s .  

The m a t e r i a l  b o i l i n g  above 470°F is separated i n t o  o i l s ,  r e s i n s ,  and 

n-pentane inso luble  r e s i d u e .  The res idue  is separated i n t o  asphal tenes  and 

benzene inso lubles  by e x t r a c t i o n  with benzene while the o i l s  a r e  separated i n t o  

aromatics and s a t u r a t e s .  

and non-n-paraffins w i t h  5 1 molecular s ieves ,41 while  the aromatics a r e  separated 

i n t o  three a d d i t i o n a l  f r a c t i o n s  on alumina.42 

a r e  l i s t e d  i n  Table 11. 

The s a t u r a t e s  can be f u r t h e r  separated i n t o  n-paraffins 

The r e s u l t s  of the separa t ions  
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C. Method of Analyses 

Unless otherwise s p e c i f i e d ,  t h e  average molecular weights were 

obtained by vapor pressure  osmometry (VPO) i n  benzene according t o  ASTM D2503. 

For the  aromatic f r a c t i o n s ,  a n  average molecular weight is a l s o  obtained by 

% NMR and reported i n  t h e  respec t ive  tab les .  

Carbon and hydrogen were determined by a microcombustion method; 

n i t rogen  by a micro Kjeldahl method; oxygen by neutron a c t i v a t i o n  or by a 

modified Unterzaucher method; and s u l f u r  by a combustion method similar t o  

ASTM D1552. Tables 111 and I V  repor t  a l l  t h e  molecular weight and elemental  

da ta .  

The simulated d i s t i l l a t i o n  d a t a  (Table V) and t h e  FIA ana lyses  of 

t h e  d i s t i l l a t e s  (Table 11) were obtained by techniques s i m i l a r  t o  those 

described by Mayer, et  al .  43 

The m a s s  spec t romet r ic  analyses  of t h e  s a t u r a t e s  f r a c t i o n s  (Table V I )  

44 were obtained by an  in-house method s i m i l a r  t o  t h a t  of Hood and O ' N e a l .  

The aromatic  f r a c t i o n s  were analyzed by t h e  proton NMR method of 

C l u t t e r ,  et  a l .45 and t h e  r e s u l t s  a r e  repor ted  i n  Tables V I 1  and V I I I .  

DISCUSSION OF RESULTS 

A. T a r  Sand Bitumen 

This m a t e r i a l  i s  very v iscous ,  b lack ,  and conta ins  a cons iderable  

amount of s u l f u r ,  some n i t rogen  and oxygen, and no l i g h t  ends ( see  Tables I1 

and 111). The s a t u r a t e  f r a c t i o n  amounts t o  about 17% and is a c l e a r  color- 

l e s s  l i q u i d  with an average molecular weight of 365 (Table Ill). The carbon 

number ranges from about 14 to w e l l  above 44 (Figure 2) and its f i n a l  b o i l -  

ing point  is above 1,000'F (Table V ) .  These c h a r a c t e r i s t i c s  a r e  reconci led  
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by the observation that no alkanes are present as shown by: 

spectrometric data (Table VI); (2 )  the fact that no material was removed 

when this fraction was treated with 5 A molecular sieves; and, (3 )  the lack 

of sharp peaks on the GLC of this fraction (Figure 2 ) .  

inability to remove alkanes from this type of material was also reported by 

Speight .4 

and more than half of the condensed cycloalkanes have only two rings, as 

indicated by mass spectrometry (Table VI). 

(1) the mass 

0 

In addition the 

The condensed and noncondensed cycloalkanes are evenly distributed, 

The aromatic fraction accounts for almost half of the bitumen 

with the largest contribution made by the di- + triaromatics (Table 11). 
The aromatic fractions were further characterized by a 'H NMR spectroscopic 

technique. This method, developed for petroleum crudes and fractions, cal- 

culates from the NMR spectrum a set of average parameters used to describe 

an "average molecule". In this method, three assumptions are necessary which 

place constraints on its applicability. The assumptions are: (1) no aromatic 

fused ring systems larger than three are present; ( 2 )  the resonances of the 

unsubstituted non-bridge aromatic ring carbon protons are sufficiently separated 

in the proton NMR spectrum so that the ratio of mono- to di- to triaromatics 

can be determined; and, ( 3 )  the number of substituent groups, on the average, 

is the same for mono-, di-, and triaromatics. The last two assumptions are 

probably as valid for synthetic liquid fuels as for petroleum. The first 

assumption is partially satisfied by the separation steps which provide three 

fractions two of which (the monoaromatics and the di + triaromatics) are free 
of fused ring systems larger than three rings. The proton NMR analysis of 

the third fraction (the polyaromatics), which does contain four or more rings, 

condensed and noncondensed. is then only qualitative. 

\ 
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Figure 3 shows the spectra of the three aromatic subfractions 

and Table V I 1  the results of the calculations. The monoaromatic subfraction 

is shown by NMR to be free from other aromatic types and to have many short 

alkyl substituents and at least one naphthene ring per molecule. 

average molecular weight obtained by NMR agrees very well with that determined 

by VPO. 

The 

The di- + triaromatic subfraction analyzes as 54% "monoaromatics" 

and 47% "diaromatics" by proton NMR. 

many short alkyl substituents, more than one aromatic ring and one naphthene 

ring. The average molecular weight calculated from NMR is lower than that 

obtained by VPO. 

are present in this subfraction. Compounds such as 

The average molecule also contains 

These data indicate that noncondensed di- and triaromatics 

are di- and triaromatics and are all separated as such by the alumina column. 

Proton NMR, however, will see the first two as monoaromatics and the last one 

as a monoaromatic and a diaromatic, and all the calculations are affected 
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accordingly. 

and noncondensed aromat ics  can be separated from each o ther .  It must be  

pointed out ,  however, t h a t  the  presence of noncondensed systems could not  

have been de tec ted  by s e p a r a t i o n  o r  spectroscopic  techniques alone.  Both 

must be used and one must support the  o ther .  

There i s  no way t o  circumvent t h i s  problem u n t i l  the  condensed 

The molecular weight of the  polyaromatic f r a c t i o n  as ca lcu la ted  by 

NMR is w e l l  below t h a t  determined by WO. As pointed out e a r l i e r  the NMR 

analys is  of t h i s  f r a c t i o n  can only be semiquant i ta t ive  because tetra- and 

h igher  aromatic systems w i l l  be ca lcu la ted  as  mono- and diaromatics  and a l l  

t h e  ca lcu la t ions  w i l l  be a f f e c t e d  accordingly. I n  our separa t ion  scheme a l l  

of  t h e  polar  non-hydrocarbons are concentrated i n  the r e s i n  f r a c t i o n s .  Only 

e t h e r s  and t h i o e t h e r s  a r e  included i n  t h e  o i l  and a r e  eventual ly  concentrated 

i n  t h e  d i  + t r iarornat ics  and polyaromatics, a s  t h e  da ta  i n  Table 111 show. 

Also only h a l f  of  t h e  s a t u r a t e s  a r e  condensed cycloalkanes, mainly of two 

and three r ings .  These observa t ions  are i n d i r e c t  evidence t h a t  no s i g n i f i c a n t  

amounts of la rge  condensed systems a r e  present ,  and t h a t  a t  l e a s t  p a r t  of the 

polyaromatlc f r a c t i o n  c o n s i s t s  of noncondensed mono-, di- ,  and t r ia romat ic  u n i t s .  

The r e s i n s  and asphal tenes  have not been analyzed beyond the  extent  

shown by t h e  tab les .  The r e s i n s  can be f rac t iona ted  and analyzed i n  more 

d e t a i l  using methods developed f o r  petroleum r e s i n s  by J e ~ e 1 1 ~ ~  and McKay 

This  ana lys i s ,  however, i s  beyond the scope of t h i s  work. 

47 . 

B. Coal Liquids 

The two c o a l  l i q u i d s  conta in  about the same amount of material 

b o i l i n g  below 470°F very  l i t t l e  s a t u r a t e s ,  and s u b s t a n t i a l  amounts of 

aromatics, mainly d i -  + t r i a r o m a t i c s  (Table 11). The l i q u i d s  from t h e  

Big Horn c o a l ,  however, contain more aromatics  and less resins, asphal tenes ,  
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and benzene insolubles than the liquids from Pittsburgh Seam coal. This is 

not surprising considering the fact that higher rank coals arc harder to 

hydrogenate and that the liquefaction process is believed to follow the 

path: 
Res ins 

/ 7  1 
Coal -> Benzene Insolubles -> Asphaltenes -> Aromatics 

The distillates were fractionated into saturates, aromatics, and 

olefins by FIA as already mentioned. Attempts to further characterize the 

PIA fractions by CLC were not successful. 

By CLC methods, it is possible to obtain detailed quantitative 

analyses of saturates up to Cg, of mono-olefins up to C7, and of aromatics 

up to C10.43 The liquid chromatographic steps cannot handle materials boil- 

ing below n-C12. 

fractions on which a detailed analysis cannot be readily, routinely and 

inexpensively obtained. 

the Cll-C12 aromatics, and all the heterocompounds and olefins that are 

present in this fraction. 

Therefore, there is a gap in the analysis of the distillate 

This gap includes all the C8 to C12 saturates, ell 

The saturates boiling above 470'F were analyzed by mass spectrom- 

etry and appear to contain alkanes but predominantly cycloparaffins. The 

alkanes appearing in these liquids may not be part of the coal network, but 

may simply be embedded in it. The primary coal structure is generally 

believed to be formed of smal'l aromatic units held together by short links, 

mainly methylene, ethylene, propylene, and ethers. 40-55 

present in these fractions have a carbon range between 12 and 30. as shown 

However, the alkanes 
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by t h e  chromatogram i n  F iguie  4, and should not be the r e s u l t  of t h e  decomposi- 

t i o n  of coal. Vahrman, et al . ,  have shown t h a t  small  molecules can be ex t rac ted  
, 

56-61 
from coal  by non-destructive methods. 

The c y c l i c  s a t u r a t e s  can a l s o  be en t ra ined  i n  the coa l  pores ,  but 

4, 

they can a l s o  be the result of the  hydrogenation and l iquefac t ion  process. 

I n  order  t o  e s t a b l i s h  t h e  a c t u a l  o r i g i n  of these s a t u r a t e s ,  it would be 

necessary t o  car ry  out  a considerable  amount of  work which would be valuable  

but  is beyond t h e  p r e s e n t  scope. 

The aromatic f r a c t i o n s  were a l s o  examined by '€I NMR and examples 

of spec t ra  are shown i n  Figure 5. The l i q u i d s  a r e  derived from coals  of 

d i f f e r e n t  ranks and t h i s  is r e f l e c t e d  i n  the  s i z e  of each f r a c t i o n  as already 

pointed out .  However, a t  l e a s t  f o r  these  mater ia l s ,  the  c h a r a c t e r i s t i c s  of 

corresponding f r a c t i o n s  a r e  very s i m i l a r  regard less  of t h e i r  o r i g i n .  This 

i s  evident from the mass spectrometr ic  a n a l y s i s  of the  s a t u r a t e s  and is f u r t h e r  

shown by t h e  ana lys i s  of the aromatic f r a c t i o n s .  

ing  f r a c t i o n s  from t h e  two c o a l  l i q u i d s  a r e  almost superimposable, and f o r  t h i s  

reason only one s e t  of s p e c t r a  is shown here ,  t h a t  f o r  the  Big Horn coal  

l i q u i d s .  The s i m i l a r i t y  of t h e  aromatics from the two coals  is made q u i t e  

c l e a r  by the  NMR data  shown i n  Table V I I .  

The NMR spec t ra  of correspond- 

The two monoaromatic and d i -  + t r ia romat ic  f r a c t i o n s  a re  p r a c t i c a l l y  

ind is t inguishable  from each o ther  except f o r  a s l i g h t l y  higher  molecular 

weight of t h e  f r a c t i o n s  from t h e  P i t t  Seam coal  l i q u i d s .  The spec t ra  of t h e  

polyaromatic f r a c t i o n s  were too weak and unresolved, and no meaningful calcula- 

t i o n s  could be made from them.  S i m i l a r  problems were encountered when i t  

w a s  attempted t o  analyze the asphal tenes  by NMR; methods have t o  be developed 

i n  order  t o  analyze polyaromatic and asphal tene f r a c t i o n s .  



267 

C. Shale Oils 

As indicated by the data in Table 11, only Cut I of the shale 

oils contains a considerable amount of material boiling below 470"F, as 

would be expected from the low boiling range of this fraction (Table V). 

This distillate was fractionated into saturates, aromatics, and olefins 

by preparative FIA techniques, but a GLC analysis of these fractions proved 

unfruitful for the same problems mentioned above in the case of the coal 

liquids. 

A large portion of the remainder of the shale oil consists of 

resins with smaller contributions from the saturates and aromatics. The 

amount of asphaltenes is really insignificant. and a larger contribution 

would actually be surprising since these are retorting products. 

The shale oils are rich in olefins; in our separation scheme free 

olefins are concentrated in the saturate fractions. 

three saturate fractions show the characteristic olefin bands at 6.1. 10.1, 

10.35, and 11.0 microns. However, no attempt has been made t o  characterize 

these olefins in detail, mainly because they are easily hydrogenated. 

The IR spectra of all 

The mass spectrometric analyses of the saturate fractions are 

reported in Table VI. 

and noncondensed cycloalkanes with smaller amounts of condensed cycloalkanes. 

uinly tw-and three-ring systems. However, due to the presence of olefins 

in these fractions the analyses are only semiquantitative. In fact, an 

olefin should make a contribution to the cycloalkane group type which has 

the same molecular weight. That is, a mono-olefin will contribute to the 

cycloalkanea, a diolefin or a cyclic olefin will contribute to the bicyclo- 

alkanes, etc. However, the extent of these contributions has never been 

determined. 

These fractions appear to be composed mostly of allrancs 
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No carbon number predominance was detected in the saturate frac- 

tion from Cut 1 and Cut 11. The chromatogram of the saturates from Cut I11 

is shown in Figure 6 and an odd-over-even carbon number predominance is 

evident for the higher carbon number region. 

The aromatic subfractions have also been analyzed by proton NMR. 

and Figure 7 shows the spectra obtained with the fractions from Cut 11, 

and the results of the calculations for all of the fractions are shown in 

Table VIII. The monoaromatics are free of other aromatic types, have a 

very low aromaticity, are highly substituted, and at least two of the substitu- 

ents are naphthene rings. 

identified a large number of alkylbenzenes, alkyltetralines, dinaphthene- 

benzenes, and trinaphthenebenzenes from Green River shale oils. 

Anders, et a1.,34 and Gallegos3’ have isolated and 

The di- + triaromatlcs contain large amounts of non-condensed 
systems and a much higher aromaticity due to a decrease in the number and 

size of the substituents. The apparent decrease in the average molecular 

weights (calculated) is due in part to the presence of the noncondensed 

systems. As pointed out earlier, one molecule of 1.4-diphenylbutane. for 

example, will be detected by ‘H NMR as 2 molecules of ethylbenzenes, and the 

calculation will be affected accordingly. 

molecular weight is then seen and this decrease will be even more marked if 

the concentration of noncondensed triaromatics is significant. Anders and 

Robinson” have reported the evidence of large amounts of perhydrocarotenes, 

and Gallegos3’ has isolated and identified various phenyl (cyclohexyl) alkanes. 

By complete dehydrogenation of these materials, during maturation, noncondensed 

systems would be formed. 

An apparent decrease in the average 
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1 The H NMR analyses of the polyaromatic fractions present the 

same problems already mentioned in the discussion of the corresponding 

fractions from the other synthetics. 

present, no conclusion can be drawn from these data as to the true composi- 

tion of these fractions. 

While noncondensed systems are certainly 

D. Comparison of Fuels 

The separation data of Table I1 show immediately some gross differ- 

ences and similarities among the various fuels analyzed. 

have a Considerable amount of low boiling material which is made up of 

saturates and aromatics in about equal concentration. Similarly. the shale 

oil contains low boiling material, while the tar sand bitumen does not. 

Of the material boiling above 470'F. the tar sand bitumen contains 

Both coal liquids 

more saturates than the other fuels. As pointed out above, these saturates 

are unique in that they do not contain free alkanes, while the saturates from 

the other fuel8 contain from.22 to 40% alkanes as determined by mass 

mpectrometry (Table VI). 

Only the Big Horn coal liquids have more condensed cycloalkanes 

than noncondensed cycloalkanes. 

the two typee of saturates, and the remaining fuels have s higher concentration 

of noncondensed cycloalkanes; the effect of the olefins on the mass analysis 

of the saturates from the shale oils must, however, be kept in mind in making 

this comparison. 

The tar sands have an equal distribution of 

The fact that only the coal liquids show condensed systems with up 

to six rings, and that the Pitt Seam coal liquids (products from a higher rank 

coal) have a higher concentration of these condensed systems is also worth 

pointing out. 

1. insignificant from a production and refining point of view. 

However, the amount of the total saturates in the coal liquids 
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The aromatic content of the fuels ranges from about 15% to 582, and 

in every case the largest contribution i s  made by the di- + triaromatics. 
addition to the differences in the quantity of the aromatic fractions, as 

shown by the data in Table 11, the characteristics of each fraction vary 

depending on its origin. The variations are shown pictorially by the NMR 

spectra, and more tangibly by the NMR data listed in Tables VI1 and VIII. 

The tar sand bitumen fractions have, in general, a lower aromaticity than the 

shale o i l  and coal liquid fractions. This i s  due to a higher number and a 

larger size of the substituents. 

of condensed di- + triaromatics, and the tar sand bitumen the lowest. Conversely, 

the amount of noncondensed systems is highest in the tar sand bitumen and lowest 

in the coal liquids. 

In 

The coal liquids have the highest concentration 

Perhaps, where these fuels differ most i s  in the amount of resins, 

asphaltenes, and benzene insolubles. 

amount of resins from 12 to 69%, or approximately 50% by weight on a total 

shale oil basis. The tar sand bitumen contains only half as much resins and 

the coal liquids contain much less. On the other hand, the asphaltenes are 

significant in the tar sand bitumen and in the Pitt Seam coal liquids. These 

latter materials are the only ones to contain a significant amount of benzene 

insolubles. 

The seaale o i l s  contain a very large 

CONCLUSION 

Coal liquids and other synthetic liquid fuels can be analyzed by a 

modification of the methods normally used for petroleum crudes and products. 

These methods of analysis are relatively fast, require only a few grams of 

i 

\ 
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sample, provide d i s c r e t e  f r a c t i o n s  which can be charac te r ized  i n  a s  much 

d e t a i l  as desired with a v a i l a b l e  techniques,  and provide comparative composl- 

t i o n a l  p r o f i l e s  f o r  f u e l s  from various sources. n a t u r a l  and synthe t ic .  The 

methods have l i m i t a t i o n s ,  as Indicated throughout the paper. However, as new 

procedures are developed t o  take care of these l i m i t a t i o n s .  they can readi ly  

be incorporated. 
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Coal Sources 

Rank 

TABLE I 

ANALYSIS OF COAL SAMPLES 

Pittsburgh Seam 

Bituminous 

Proximate Analysis(wt.  X )  

Moisture 2.5 

V o l a t i l e  Matter 33.4 

F i x e d  Carbon 57.4 

Ash 6.7 

Chenical Analysis(wt.  X )  
(Modsture Free Bas is )  

Carbon 

Hydrogen 

Nitrogen 

Oxygen (Difference)  

Sulfur 

Ash 

78.68 

4.96 

1.57 

6.29 

1 .65  

6.07 

Big Horn, Wyoming 

Subbituminous 

19.6 

34 .O 

41.2  

5 . 2  

69.15 

4.69 

1.23 

17.75 

0 .72  

6.46 
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TABLE I11 

CHEMICAL ANALYSIS AND MOLECULAR WEIGHTS OF TAR 
SANDS BITUMEN, COAL LIQUIDS, AND THEIR FRACTIONS 

Mol. 
w t  . C H 

u t .  % u t .  % - -  
n 0 S 

u t .  R u t .  % u t .  % - 
82.98 10.42 

86.00 14.00 

0.42 1.15 4.60 
-- -- -- 

Tar Sands Bitumen 

S a t u r a t e s  

Aromatics 

MonoarOmat i c s  

D i -  +Triaromatics 

Polyaromatics 
Resins  
A s p h a l t  enes 

3 65 
4 60 

3 60 
365 

1.400 
1,300 
5,100 

88.55 11.36 

85.04 9.45 
79.36 9.57 
81.15 9.04 
78.84 7.80 

0.02 1.14 3.80 
0.42 3.40 6.89 
1.34 3.35 5.31 
1.19 4.53 8.46 

89.18 8.97 

86.12 13.65 

0.40 1.03 0.04 
-- -- -- 

Big Horn Coal Liquids 

S a t u r a t e s  

Aromatics 

Monoaromat i c s  

Di- +TriaromaC i c s  

Polyaromatics 

Resins  

Asphaltenes 

Benzene Insolubles  

300 
222 

285 

220 
88.09 10.10 

92.38 7.13 

84.19 6.60 

83.84 7.09 
87.37 6.06 
-- -- 

0.06 1.82 0.00 
0.01 0.80 0.15 

0.20 7.80 0.97 

1.62 7.15 0.30 
1.25 4.92 0.62 
-- -- -- 

- 
380 
- 

I 

0.82 1.47 0.17 89.05 8.18 

85.40 14.17 
-- -- 
-- -- 

92.52 7.20 
-- -- 

81.30 7.33 
87.73 6.86 
85.87 5.46 

P i t t  Seam Coa l  Liquids  

S a t u r a t e s  

Aromatics 

Monoaromatics 

D i -  +Triaromatics 

Polyaromat i c s  

Resins  

Asphal tenes  

Benzene Insolubles 

240 
2 90 

235 

-- -- 
0.01 0.67 

0.05 7.75 
1.37 5.77 

1.76 3.92 
2.12 5.64 

-- 
0.35 

0.34 
0.42 

0.38 

0.57 

440 

775 
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TABLE IV 

CHPMICAL ANALYSIS AND MOLECULAR WEIGHTS OF 
SHALE OIL FRACTIONS 

Cut I. Tota l  

D i s t i l l a t e  

Sa tu ra t e s  

Aromatics 

Monoaromatics 

D i -  +Triaromatics 

Polyaranat i c s  

Resins 

Cut 11, Tota l  

Sat u ra t e s  

Aromatics 

Monoaromat ics 

D i -  +Triaromatics 

Polyaromat i c s  
Resins 
Asphaltenes 

Cut 111. Tota l  

Sa tu ra t e s  

Aromatics 

Monoaromatics 

D i -  +Triaromatics 

Polyaromatics 

Resins 

Asphaltenes 

Mol. 
W t  . 
145a 

130a 

230a 

170b 

240b 

- 

190b 

200b 

445 

260 
266a 

325 

390 

290 
- 

420 

420 

390 

- 
370 
- 

950 

C 

C 
W t .  x 

85.30 

85.99 

85.84 

85.44 

83.26 

86.35 

76.89 

75.89 

H 
u t .  x 

12.12 

12.50 

14.31 

10.09 

11.65 

8.27 

9.76 

- 

8.38 

84.68 11.07 
85.99 14.34 

86.61 12.07 

87.79 9.26 

78.97 9.58 
78.44 8-66 

84.65 10.17 

85.61 14.25 

84.35 10.40 

84.14 11.85 

86.23 9.54 

-- -- 
79.95 8.56 

83.12 7.45 

N 
W t .  x 

0.98 

0.63 

- 

-- 
0.25 

(0.01 

0.02 

0.35 

1.28 

0 5 
W t .  x ut. x 

0.98 0.80 

0.99 0.75 

-- 

-- -- 
2.17 2.05 

4.80 (0.01 

5.06 (0.01 

10.52 2.46 

10.82 3.44 

2.10 1.23 0.68 
-- -- -- 
-- -- -- 

(0.01 1.67 <0.01 
(0.01 1.70 1.84 

0.71 9.12 0.39 
2.63 7.36 2.04 
-- -- -- 

2.97 1.68 0.78 
-- -- -- 

<0.01 4.44 0.90 

(0.01 4.49 <0.01 
0.08 1.75 1.73 

0.84 6.25 0.50 

2.50 3.58 0.93 

4.63 4.23 0.49 

aFrom GLC da ta .  
bFrom low vol tage  maas da t a .  
c W i l l  not  d i s so lve  in benzene. 

\ 
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FIGURE 3 

'H NMR SPECTRA OF AROMATIC FRACTIONS 
FROM TAR SANDS BITUMEN 

k 
\ \  MONOAROMATICS 

DI- +TRIAROMATICS \ 
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FIGURE 5 .  

'H NMR SPECTRA OF AROMATIC FRACTIONS 
FROM COAL LIQUIDS 
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FIGURE 6 .  

GLC OF SATURATES FROM 
SHALE OILS 
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FIGURE 7.  

'H NMR SPECTRA OF AROMATIC FRACTIONS 
FROM SHALE OILS 
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THE CHEMICAL MODIFICATION OF A BITUMEN 
AND ITS NON-FUEL USES 

\ 
Speros E. Moschopedis and James G. Speight 

Research Council of Alberta 
1 1  31 5 - 87th Avenue 
Edmonton 
Alberta T6G 2C2 
Canada 

4 
1 The development of the Athabasca tar sands has become one of the major advances of the 

' \  

/ 

petroleum industry. 
only just beginning and with the introduction of gas turbine, electric, propane autos and the like, 
it i s  possible that the future of the tar sands lies not in  the production of gasoline but i n  the use of 
the bitumen as a chernicol row material. 
chemical conversions that may be employed to introduce functional groups into the bitumen and 
same preliminary investigations on the uses of the products. 

However, i t  i s  evident that the production of  materials from the bitumen i s  

In the present communication, we report some simple 

I CHEMICAL REACTIONS 

As o result of structural studies, i t  i s  evident that petroleum asphaltenes are agglomerations 
of compounds of a particular type (1, 2). Thus, i t  i s  not surprising that asphaltenes w i l l  undergo a 
wide range of  interactions, of chemical and physical nature, based not only on their condensed 
aromatic structure but also on the ottending alkyl and naphthenic moieties. 
sion, we wi l l  again rely heavily on the evidence accumulated, for the major part, in  our own 
laboratories, which has either been published elsewhere or i s  i n  preparotion. 

Oxidation 

In  the following discus- 

Oxidation of Athabasca asphaltenes with a series of common axidising agents, i.e., acidic 
and alkaline peroxide, acidic dichromate, and alkaline permanganate, i s  a slow process there being 
i 10% of  the product soluble i n  alkol i  after treatment with the oxidant for CQ. 30 hr. (4). 
evident, however, from the elemental ratios in  the products that some oxidation has occurred. More- 
over, the occurrence of a broad bond centred at 3420 cm -1 and a weaker band at 1710 cm ' indicates 
the formation of phenolic and carboxyl groups on the asphaltene molecules. 
partially-oxidired product, indicate that there are two predominant oxidation routes, notably (i) the 
oxidatioij of nuphthene moieties to aromatics and active methylene groups to ketones which would 
reduce the H/C ratios and ( i i )  more severe oxidation of naphthene and aromatic functions resulting 
i n  partial degradation of these systems to carboxylic acid functions whereby the overall effect i s  
diminirhing oromatic, but increasing alkane, moieties. 
materials by proton magnetic resonance spectroscopy (4) provides information about the structural 
chonges which occur during the oxidation processes and an overall picture of these effects i s  a de- 
crease i n  size of the condensed aromatic sheet as well as a slight decrease i n  the degree of substitu- 
t ion of the sheet and a decrease in  average chain lengths of the alkyl substituents. 

I t  i s  

The H/C ratios of the 

Investigation of the partially oxidised 

Use of a more severe oxidising agent, i.e. concentrated nitric acid, brings about good 
conversion of the asphaltenes to water-and olkali-soluble materials (5). 

* For convenience, we describe the reactions of the asphaltenes - a fraction considered somewhat 
useless (except for fuel purposes) by many workers. 
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Sulphonation and Sulphomethylation 

Sulphomethylotion and/or sulphonation of the asphaltenes are not feasible processes 
because of the lack of functional groups within the asphaltene molecule. Nevertheless, oxidation 
of the asphaltenes does produce the necessary functional groups and subsequently sulphomethylation 
and sulphonation can be conveniently achieved (5). Confirmation that sulphomethylation and SUI- 
phonation of the oxidized asphaltenes occurs can be obtained from three sources, namely, (i) 
overall increases i n  the sulphur contents of the products relative to that of the starting material; 
(ii) the appearance of o new infrared absorption band at 1030 cm” attributable to the presence of 
sulphonic acid group(s) in the molecule(s) (6); and (iii) the water-solubility of the products - a 
characteristic of this type of material (7, 8 ) .  These sulphomethylated and sulphonated oxidized 

pH of 2.5-3.0, while the parent oxidized asphaltenes can be precipitated from alkaline solution by 
acidif ication to a pH of 6.5.  

asphaltenes even remain in  solution after acidification with 5% oqueows hydrochloric acid to a < 

The facile sulphomethylation reaction indicates the presence i n  the starting materials of 
reactive sites ortho or para to  a phenolic hydroxyl group, e.g.: 

OH OH 

( i  i i )  hydrolysis I 
C H ,SO,? H 

while the comparative eose of sulphonation suggests the presence of quinoid structures in  the 
oxidized materials, e.g.: 

5 (i) Na,S03 , & 
(ii)  hydrolysis 

SO,H 

Alternatively, active methylene groups i n  the starting materials would facilitate sulphonation by: 

DcH=s03H (i) Na,S03 
( i i )  hydrolysis ’ 

since such groups hove been known to remain intact after prolonged oxidation ( 9 ) .  

Ha logenat ion 

Halogenation of  the asphaltenes occurs readily to  afford the corresponding halo-derivatives 
(10) and i s  accompanied by weight increases in  the products. The physical properties of the halo- 
genated materials are markedly different from those of the parent osphaltenes. 
unreacted asphaltenes are dark brown, amorphous, and readily soluble i n  benzene, nitrobenzene, 
and carbon tetrachloride but the products are black,. shiny, and only sparingly soluble, i f  at all ,  in  
these solvents. 

For example, the 

There are also several features whereby the individual halogen reactions differ from one 
another. For example, during chlorination there i s  o cessation of chlorine uptake by the osphal- 
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tenes after 4 hours. Analytical data indicate that more than 37% of the total chlorine i n  the 
final product i s  introduced during the first 0.5 hour, reaching the maximum after 4 hours. 
Furthermore, the H/C ratio o f  1.22 i n  the parent asphaltenes [ (H + CI)/C ratio i n  the chlorin- 
ated materials] remains constant during the first two hours of  chlorination, by which time 
chlorination i s  88% complete. This i s  interpreted os substitution of hydrogen atoms by chlorine 
i n  the alkyl moieties of the asphaltenes while the condensed aromatic sheets remain unaltered 
since substitution of aryl hydrogens only appears to  occur readily in the presence of a suitable 
catalyst, e.g. FeCI3, or at elevated temperatures. 
o f  the alkyl chains that addition to the aromatic rings occurs as evidenced by the increased 
(H + CI)/C ratios in  the final stages of chlorination. 

It i s  only after more or less complete reaction 

Bromine uptake by the asphaltenes i s  also complete i n  o comparatively short time (< 8 hr.). 
However, in  contrast to the chlorinated products, the (H + halogen)/C ratio remains fairly constant 
(1.23 and 1.21 in  the bromo-asphaltenes, cf. 1.22 in the unreacted asphaltenes) over the prolonged 
periods (up to 24 hr.) of the bromination. 

Iodination of  the asphaltenes i s  different insofar as a considerable portion of the iodine, 
recorded init iol ly as iodine uptake, can be removed by extraction with ether or with ethanol 
whilst very l i t t le  weight loss i s  recorded after prolonged maintenance of the material i n  a high 
vacuum. The net result i s  the formation of a product with a (H + i)/C ratio o f  1.24 after 8 hr. 
reaction whilst a more prolonged reaction period affords a product having a (H + I)/C ratio of 
1 .  I f .  This latter result may be interpreted as iodination of the alkyl or naphthenic moieties of 
the asphaltenes with subsequent elimination of hydrogen iodide. Alternatively, oxidation of 
naphthenic moieties to aromatics or oxidative coupling of asphaltene nuclei would also account for 
lower (H + I)/C ratios. In fact, this latter phenomenon could account, i n  part, for the insolubility 
of the products in  solvents which are normally excellent far dissolving the unchanged asphaltenes. 

Halogenation of the asphaltenes can also be achieved by use of sulphonyl chloride, iodine 
monochloride, ond N-bromosuccinimide or via the Gomberg reaction ( 1  I ) ,  whereby products 
similar to those described above ore produced. 

Attempted water-solubilization of the asphaltenes by treatment of the halo-derivatives 
with aqueous sodium hydroxide or with aqueous sodium sulphite i s  not a feasible process (11). 
Indeed, the hydrolyzed products remained insoluble i n  strongly alkaline solution. That partial 
reaction occurs i s  evident from the decreased (H + CI)/C ratios and the increased O/C ratios of 
the products relative to those of the parent halo-asphaltenes. The infrared spectra of  the products 
showed a broad band centered a t  3450 cm , assigned to  the presence of hydroxyl groups in the 
products, but i t  was not possible to  establish conclusively the presence of sulphonic acid group(s) 
in the product lrom the sodium sulphite reaction by assignment of infrored absorption bands to this 
particulor group. 

Reoctions with Metal Salts 

Interactions of asphaltenes with the metal chlorides yield products containing organically- 
bound chlorine but the analytical data are indicative of dehydrogenation processes occurring 
simultaneously (12). There i s ,  of course, no clear way by which the extent o f  the dehydrogenation 
can be estimated but i t  may be suggested that i t  i s  a dehydrogenation condensation rather than 
elimination with olefin formation; infrared spectroscopy did not show any bands that could be 
unequivocally assigned to C = C bond vibrations, nor did proton magnetic resonance (p.m.r.) 
spectroscopy show any olefinic protons. Thus, the mode of dehydrogenation i s  assumed to involve 
predominantly inter- or intramolecular condensation reactions insofar as the solubilities and 
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apparent complexities of the products varied markedly from those of the starting materials and 
these differences could not be attributed wholly to the incorporation o f  chlorine atoms into the 
constituents of the asphaltenes or heavy oi l .  Indeed, the data accumulated are indicative of a 
condensation dehydrogenation or, i n  part, loss of alkyl substituents as, for example, lower 
molecular weight hydrocarbons during the reactions. As an illustration of the former, the cokes 
produced during the thermal cracking (450°C) of the asphaltenes or heavy o i l  have H/C ratios in  
the range 0.59 - 0.77 (16), while the majority of the insoluble moterials produced in  the 
asphaltene/metal chloride reactions have only slightly higher (H + CI)/C ratios (0.88 - 1.10). 

Reactions with Sulphur and Oxygen 

Reactions of asphaltenes with sulphur and oxygen have also received some attention and 
have yielded interesting results (13). For example, treatment of the asphaltenes with oxygen 
or wi th  sulphur at 150 - 250°C yields a condensed aromatic product [H/C = 0.97, cf. H/C 
(asphaltenes) = 1.201 containing very l i t t le  additional oxygen or sulphur. The predominant 
reaction here appears to be condensation between the aromatic and aliphatic moieties of the 
asphaltenes effected by elernentol oxygen and sulphur which are in turn converted to hydrogen 
sulphide and water. 
preference to molecular degradation but we note that prolonged reaction times offord lower 
molecular weight products. Treatment of the condensed products ot 200 - 300°C for 1-5 hr. 
again affords good grade cokes (H/C = 0.54 - 0.56). In a l l  instances the final products con- 
tained only very low amounts o f  elements other than carbon and hydrogen (i.e. C NOS < 5% 
w/w) - a desirable property of good grade coke. 

Phosphory I at ion 

In the former case, i.e. with oxygen, condensation appears to precede i n  

Attempts to  phosphorylate asphaltenes with phosphoric acid, phosphorous trichloride 
or phosphorous oxychloride were partially successful insofar as i t  i s  possible to  introduce up 
to 3% w/w phosphorous into the aspholtenes (14). However, application of these same reactions 
t o  oxidised asphaltenes increases the uptake of phosphorous quite markedly there being up to 10% 
w/w i n  the products (1 4). Subsequent reaction of the phosphorus-containing products are neces- 
sary to counteract the acidity, where necessary, of the phosphorus moieties. 

Hydrogenation 

Montgomery and his co-workers (15, 16) studied the reduction products of tar sand 
asphaltenes and noted that considerable amounts of hydrogen could be added to the ospholtenez 
whilst some sulphur was removed. Other studies of the hydrogen processes have been performed 
mainly with the effects of additional hydrogen on the cracking when increased yields of paraf- 
fins were observed (3). 

Miscellaneous Chemical Conversions 

Other reactions of  the asphaltenes have also been performed but the emphasis has mainly 
been on the formation of more condensed materials to produce good grade cokes. For example, 
thermal treatment of the halogenated derivatives affords oromotic cokes [H/C = 0.58, cf. coke 
from the thermal conversion of asphaltenes at 460°C hos H/C = 0.77 1 
less than 1% w/w halogen. Other investigations (13) also show that treatment of the halo- 
asphaltenes with suitable metal catalysts, e.g. copper at 200 - 3OO0C/1-5 hr. or sodium at 
80 - llO°C/l-5 hr., yield aromatic (H/C =0.55 - 0.86, respectively) coke-like materials 
having 0.5 - 3% w/w halogen. Residual halogen may finally be removed by treatment a t  300OC 
for 5 hr. The implications of  these investigations to the petroleum industry are many-fold but 

(13, 17) containing 

I 

, 
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perhaps the most significant are (a) the comparatively lower temperatures required for caking 
due to the presence of bonds in  the asphaltenes which are relatively labile and (b) the use of 
oxygen or sulphur as condensing and aromatising agents without being significantly incorporated 
into the ensuing coke. Further work on the catalytic effects of other readily available inorganic 
and organic moterials on the coking process are sti l l  under investigation and a l l  of the data w i l l  
be reported i n  detail i n  due course. 

Other chemical modifications pursued in  our laboratories include metallation of the 
asphaltenes or halo-asphaltenes using metal or metallo-organics followed by, for example, , 

carboxylation to the end product. Interaction of the asphaltenes with m-dinitrobenzene affords 
an oxygen-enriched material which, when treated with hydroxylamine or an amine yields 
moterials containing extra nitrogen. Similarly, reaction of the asphaltenes with maleic anhy- 
dride and subsequent hydrolysis yields products bearing carboxylic acid functions. 

I 

/ 
APPLICATIONS 

The traditional uses of petroleum involve the derivation of chemicals from the oi l  during 
a refinery operation. i t  i s  usual that at some stage during the operation any asphaltenes are 
remoied either as o sludge to be discarded later or to serve as a fuel. In the aforegoing discus- 
sion we have attempted to show how the asphaltenes may be regarded as chemical entities which 
are able to undergo a variety of chemical or physical c&versions to, perhaps, more useful 
materials. The overall effects of these modifications i s  the production of materials which either 
afford good grade aromatic cokes comparatively easily or the formation of products bearing 
functional groups which may be employed as a non-fuel material. To date, our main tests have 
centred around the sulphonated and sulphomethylated materials and their derivatives which have 
satisfactorily undergone investigations for dri l l ing mud thinners giving results comparable to those 
obtained with commercial' mud thinners (Table I ) .  
tension in aqueous solution indicates that these compounds may also find use as emulsifiers for the 
i n  situ recovery of the Athabasca bitumen (Table 2) (18). There are also indications that these 
materials and other similar derivatives of the asphaltenes, especially those containing functions 
such as carboxylic or hydroxyl w i l l  readily exchange cations and could well compete with syn- 
thetic zeolites. Other uses of the hydroxyl derivatives and/or the chloro-asphaltenes include 
high temperature packings or heat transfer media. 

In addition, their abil ity to lower surface 

The reactions incorporating nitrogen and phosphorus into the asphaltenes are particularly 
significant at  a time when the effects on the environment o f  many materials containing these 
elements are receiving considerable attention. Here we have potential slow-release soil condi- 
tioners which wi l l  only release the nitrogen or phosphorus after considerable weathering or bacter- 
iological oction. One may proceed a step further and suggest that the carbonaceous residue 
remaining after release of the hetero-elements may be a benefit to humus-depleted soils such as 
the grey-wooded and solonetzic soils found in Alberta. 
tional quick-release inorganic fertiliser with a water-soluble or water dispersible derivative wi l l  
provide a slower-release fertiliser and an organic humus-like residue. In fact, variations of this 
theme are multiple. 

I t  i s  also feasible that coating a conven- 

Only further work wi l l  tell how practical these projected uses may be and none should be 
discounted as long as research continues and the need for new uses of petroleum remains. 
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1- 
Thinning Properties and Comporiron of Water-Soluble Asphaltenes with Commercial Thinners 

Yield Point --Gel Strength-- Plastic 
Designotion Ib/bbl pH ":;; viscosity 

I b h b l  Ib/bbl centipoise lb/lOO sq.in. 10 KC 10 min 

Bare Mud 

Sulphomethy- 
toted 

asphaltene 

Sulphonoted 
asphaltener 

UNI-CAL 

SPERCENE 

PELTEX 

2 

4 

6 

2 

4 

6 

2 

4 

6 

2 

4 

6 

2 

4 

6 

12.4 n 

11.6 17 

11.5 21 

11.5 19 

11.5 22 

11.5 18 

11.5 18 

12.6 13 

12.6 13 

12.6 13 

12.6 14 

12.6 14 

12.6 19 

12.5 12 

12.5 13 

12.5 12 

7 

5 

6 

7 

10 

8 

8 

6 
6 

6 

5 

6 
7 

5 

6 
5 

63 

7 
9 

5 

2 

2 

2 

1 

1 

1 

4 

2 

5 

0 

1 

2 

20 

2 

1 

0 

1 

0 

0 

0 
0 
0 

3 

0 

0 

0 
0 
0 

32 

3 

4 

4 

2 

1 

1 

4 

0 
0 

5 

2 

7 

0 

0 

2 

Aqueous suspension of 25 Ib/bbl Wyoming bentonite, 5.0 Ib/bbl lime, and 2.0 Ib/bbl sodium hydroxide. 

TABLE 2 

Surface tensions of ozonised and ozonised-sulphonated bitumen 

Concentrot ion 
56 w/w 

0.1 

0.5 

1.0 

Surface tension, dynes/cm 

Oronised Ozonised-sulphocated 
bitumen bitumen 

62 48 
62 41 

52 39 

I 
'i 
i 
1 
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TABLE 2 

J 
Surface tensions of ozonised and ozonised-sulphonated bitumen 

Surface tension, dynes/cm 

% w/w bitumen bitumen 
Concentration Ozonised Oron ised-sulphonated 

\ 

0.1 

0.5 
1 .o 

62 

62 

52 

48 
41 

39 

c 



'fie icerozenic m a t e r i a l  prosent  i n  the  Grcen lciver  ohalc (Eocene b.ge) 
i s  hound t o  a mineral  mat r ix  composed of carbonates , q u a r t z ,  c l a y s  , and 
o t h e r  minor minerals.  'l'hc i s o l a t i o n  of t h i s  organic  m a t e r i a l  can,  
t h c r c f o r c ,  be car r ied  out i n  two :r?.ys: I l'hc complete cli.sw,r,rc.ntion 
and d i s s o l u t i o n  of tlle mi.ncrn1 mntcr ia l  , thcr rby  frenj.n.: the Iar:.cl;r i n t n c t  
1tero:;cn. Concentrntcd hydrof1uorj.c ac id  i n  t h e  most \ri(lcly i tseci reacclnt i n  
t h i s  cam (1,2/ s ince  i t  i s  s t i l l  t h e  only r o w c n t  t h a t  can sffect ive1.y 
s o l u b i l i z e  t h e  s i l i c a t e  mineral  ( c l a y  and qimrtz l  t h a t  is r e s i s t a n t  t o  
most chemical t reatments ,  2 )  'The p a r t i a l  craclcinr, of the  keroi:en i n t o  smaller  
more soluble components while lenvinc t h e  ma.jority of the mineral  mnttix 
i.ntact. Processes rruch as oxide.tion ( 3 ) ,  pyrol-ysis ( 4 j ,  and hydrogenation ( 5 ,  
a l l  belong t o  the  l a t t e r  cntecory.  

Imthods whereby t h e  iccrol;cn can be i s o l a t e d ,  p referab ly  i n  the  form 
of a more d i r e c t l y  u s a b l e  f u c l ,  froin raw s h a l e  with a minimal amount of I 

pretreatment and handl ing,  i s  of ohvioris economic i n t e r e s t .  I,:novledr,e of 
t h e  physical  s t r u c t u r e  of t h e  i n t a c t  r a w  shale. would supplement i n  t h e  design 
of such methods. In p a r t i c u l a r ,  increase  of t h e  porosi ty  of t h e  raw s h a l e ,  
1:ithout ceusing extensive disngr.re::ation c?f t h e  miner.- 1 matrix, would 
f a c i l i t a t e  the movcment of materials through t h e  mineral  matr ix .  For 
ins tance  i n  oxidat ion and hydrogenation t h e  r e a c t a n t s  (i.e., the oxidant 
o r  hydrogenj must somehow come i n  contac t  w i t h  t h e  kerogen entrapped i n  t h e  
mineral  matrix,  while smaller orqanic  fragments t h a t  have heen broken off  
f r o m  t h e  kero7.m 'nricleiis' ( 6 j  mrtsr: somehow be r e l m s e d  t o  t h e  outs ide.  

3cr.nnint: e lcctrrm rnicro;:rnphs ( s C l i )  of bioleached sha le  (e .,?. , shale 
t h a t  h:is I)ecn lencliwl \ij.th t h c  a c i d  prodi.lcnd b y  s u l f u r  oxidizin:: bacteria) 
hnvc revealed A more p i t t e d ,  s~on;:y-sPpearing surfnca t e x t i r e  ( 7  j .  nio- 
leachin:; removes, pr imar i ly ,  t h e  cnri:onatc minerals (dolomite snd c a l c i t e )  
which are npnnrently depos i tcd  i n  p i t s  (7) throughout the rest of t h e  
rnincral m . ? t r i ? : ;  the removal of t h e  carbonate would thcrefore  hc Pxpccted t o  
increase eha porosi ty  of t h e  raw sha le .  'The r e s u l t s  of . ; i . . i- i  r e v e a l  t h e  
Surface e f f e c t  of bioleachinG only,  hovever, t h e  c f f c c t  of i2ioleeching on 
:he s t r \ ic t r ! rc  i n s i d e  the ra\d shale  could only 11e i n f e r r e d  frorn s u c h  r e s u l t s .  
i n  o rdcr  t o  incrensc t h e  understanding of t h e  i n t e r n a l  s t r u c t u r a l  chnnp,es 
we  have measured t h c  k i n e t i c s  of t h i s  d i s s o l u t i o n  process usinr: s e v e r a l  
d i f f e r e n t  mesh s i z e s  of o i l  shale .  

~ ' . l ' E l i I l ~ L E l I ' r A I ~  

A 1 1  s h a l e  samples used a r e  c o l l e c t e d  from the  1,lahoaany Ledge of t h e  
Green Liver formation. L'he s h a l e  rock w a s  crushed and sized i n t o  three 
ranges,  4 2 / 6 0 ,  60/100, and 150/200. Since t h e  e f f e c t  of bioleaching is 
e s s e n t i a l l y  cha t  of d i l u t e  a c i d  r e a c t i o n  with the  carbonate  m a t e r i a l ,  hence 
f o r  b e r t e r  accuracy i n  monitoring t h e  ac id  concentrat ion reagent  grade 
hydrochlor ic  acid was used i n s t e a d  of t h e  a c i d  produced by t h e  s u l f u r  
ox id iz ing  ba-cteria 'The r a t e  of d i s s o l u r i o n  of t h e  carbonate mineral  vas 
followed by d i r e c t  measurement of t h e  weight loss and hy atomic absorpt ion 
measurement. 
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For each of the mesh s ize  used s e v e r a l  con ta ine r s ,  each with 0.3 gm 

of raw sha le  and 50 m l  of a HCl -KC1 buf fer  ( i o n i c  s t r e n g t h  -0.1, pH -1.281, 
w e r e  prepared. The r eac t ion  was allowed t o  progress;  a f t e r  a Spec i f ic  
period of t i m e  t he  sha le  from one of t h e  conta iners  was quick ly  separated 
from t h e  acid by vacuum f i l t r a t i o n  and washed thoroughly with deionized 
water. The sha le  was then dr ied  a t  100°C f o r  a t  l e a s t  2 hours  before  
wei h i m .  
1507200 mesh s i z e  sha le  a r c  presented i n  Fig. 1. 
measurement, a t  285 mq,  of the  magnesium ions  r e l eased ,  a s  a r e s u l t  of t h e  
breakdown of t he  dolomite por t ion  of t h e  raw sha le ,  was a l s o  followed i n  
order  t o  confirm t h e  r e s u l t s  obtained from d i r e c t  weight l o s s  measurements. 

The r e s u l t s  of t h e  w e i g h t  l o s s  i n  t i m e  f o r  42/60, 60/100, and 
Atomic absorp t ion  

KLLULTS AND DlSCUSSIwh 

T h e  r e s u l t s  shown i n  Fig. 1 can be f i t t e d ,  empi r i ca l ly ,  t o  t he  
following equat ion 

= K t  
Po-P ..................................... I )  

mere P i s  t h e  percent w e i g h t  l o s s  a t  t i m e ,  t ,  Po is t h e  m a x i m  percent 
weight l o s s ,  and K i s  a constant .  By rearranging t h i s  equat ion i n t o  the  
form I? = Y o  - Y / K t  and p l o t t i n g  P versus P / t ,  s t r a i g h t  l i n e s  a r e  obtained 
(Fig .  2 ) .  The values  of Po and K f o r  each of t h e  mesh ranges,  a s  can be 
est imated from the  y- in te rcept  and t h e  s lope  r e spec t ive ly ,  a r e  l i s t e d  below: 

K Flesh R m  E L -  - 

60/100 41 .O 1.10 

42/60 40.7 0.59 

150/200 42.8 13.3 

The maximum amount of carbonate mineral  (Po) that can be remwed by 
d i l u t e  acid is apparent ly  independent of t he  s i z e  of t he  sha le  p a r t i c l e s ,  
t h i s  is  evident  from the closeness  of the value of Po f o r  t h e  d i f f e r e n t  
mesh ranges. The increase  of t h e  su r face  a rea ,  by mechanical crushing,  
seems only t o  acce le ra t e  t h e  r a t e  of carbonate removal while t h e  maximum 
amount eventua l ly  removed by d i l u t e  ac id  remains r e l a t i v e l y  constant .  This 
would ind ica t e  thac the  carbonate mineral  i s  deposi ted a t  sites, presumably 
in te rspersed  i n  the  r e s t  of the ' d i l u t e  acid r e s i s t a n t '  mineral  matrix, 
which are not i naccess ib l e  co chemical spec ies  (such as  hydrogen ions and 
water molecules) i n  an aqueous medim. 
the re fo re  not i so l a t ed  hut can perhaps h e  rhought of as interconnected by 
channels  l m i l ~  from t h e  ' d i l u t e  a c i d  r e s i s t a n t '  mineral .  

The d i l u t e  acid (hydrogen ion)  could come i n t o  contac t  with t h e  

These carbonate depos i te  sites are 

carbonate  minerals through these  channels and the products (carbon dioxide,  
magnesium ion and calcium ions )  can l ikewise be re leased  t o  t h e  outs ide.  
The r a t e  of r eac t ion  of t h e  acid w i t h  the Carbonate mineral  would be 
cont ro l led  by d i f f u s i o n ,  of t h e  r e a c t a n t  into and t h e  products out of the  
sha le  p a r t i c l e s ,  and not only by t h e  a v a i l a b i l i t y  of t he  su r face  of contact  
between the  ac id  and carbonate.  I f  t h e  r eac t ion  is con t ro l l ed  by sur face  
a v a i l a b i l i t y  then t h e  r a t e  of carbonate removal i s ,  f o r  sphe r i ca l  p a r t i c l e s  
of pure carbonate mineral ,  p ropor t io  a 1  t o  2/3 powers of t h e  amount of a t i l l  
-acted mineral  or a / d t  CC (P0-P)2?3.  However, t h e  preecnce of the 
' d i l u t e  acid r e s i s t a n t  I mineral ,  which separa tes  t he  carbonate mineral  i n t o  
i so l a t ed  s i t e s  connected by channels,  would r e t a r d  t h e  r a t e  of carhonate 

n 
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removal so t h a t  dP/dt '.- (Fo-P)n where n,2/3. 
used t o  f i t  t h e  da ta  f o r  carnonate  removal can he derived from d F / d t  -(F-P0)2. 

T h e  empir ica l  Equation '1 

Atomic absorpt ion nieasuremcnts of t h e  magnesium re leased ,  a s  a r e s u l t  

Therefore  the r a t e  of cartjonate removal 
of carbonate  removal f r o m  shale, can a l s o  be f i t t e d  t o  t h c  cmpir ica l  
equat ion P = Po - k / K t ,  ( F i g .  3) .  
by d i l u t e d  acid i s  n o t  dependent on t h e  sur face  of contac t  elone (such a s  
a niothball sublimation model would predict :  but t h a t  other c o n t r o l l i n g  
f a c t o r s  could be involved ( d i f f u s i o n  was suggested a s  one such poss ib le  
f a c t o r ) .  Due t o  the  o jv ious  complexity of the c o n t r o l l i n e  f a c t o r s  t h a t  
may be  involved, we s h a l l  n o t  a t tempt  a t  present  t o  e l u c i d a t e  them. ?he 
cx is tencc  of in te rconnec t ing  channels was postulated frrm scannin,o e lec t ron  
ndcrogrnphs of bioleached s h a l e  st i r face ( 7 )  end i s  supported 1,y evidence 
from t h e  present  study. 'ihc increase  o f  poros i ty  I-y rcmovin:; rhe  car'cncte 
ii:ineral with d i l u t e  a c i d  570Uld, presumably, improve t h e  permeabi l i ty  of 
c e r t a i n  chemical s p e c i e s  i n t o  and o u t  of the remaining s h a l e  s t r u c t u r e .  

\ k,cu; L!;;kd .&Q,kiu'T 
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DIRECT ZnC1, HYDROCRACKING OF SUBBITUMINOUS COAL 
- REGENERATION OF SPENT MELT 

C .  W ,  Z i e lke ,  W .  A .  Rosenhoover and E v e r e t t  Gorin 

Research Div i s ion  
Conso l ida t ion  Coal Company 

L ib ra ry ,  Pennsylvania 15129 

INTRODUCTION 

The use of molten metal  h a l i d e s  Of t h e  Lewis ac id  type  f o r  t h e  hydrocracking of 
c o a l  and coal  e x t r a c t  was e x t e n s i v e l y  i n v e s t i g a t e d  by Consol Research i n  the  pe r iod  
1964-1967 under a r e sea rch  c o n t r a c t  with t h e  O f f i c e  of Coal Research. A complete 
d e s c r i p t i o n  of t h e  work is a v a i l a b l e  i n  r e p o r t s  t o  t h e  O C R . ( ' j 2 )  
dea l ing  with some of t h i s  work have a l s o  been p r e s e n t e d . ( 3 )  

Summary papers  

The above work concen t r a t ed  m o s t  of i ts a t t e n t i o n  on t h e  use of ZnC1, a s  t h e  
molten h a l i d e  and on t h e  use  of bituminous c o a l  e x t r a c t  a s  f eed  t o  t h e  p rocess .  Hydro- 
c rack ing  of t h e  e x t r a c t ( ' )  and r egene ra t ion  by a f luidized-bed combustion technique of 
t h e  s p e n t  c a t a l y s t  m e l t ( ' )  from t h e  process  were both demonstrated i n  continuous 
bench-scale u n i t s .  

A s u b s t a n t i a l  program was a l s o  p rev ious ly  conducted i n  batch autoclave: CJII t h e  
d i r e c t  hydrocracking of bituminous c o a l ( ' )  w i th  z i n c  ch lo r ide  melts ,  but  no work was 
done i n  e i t h e r  batch or cont inuous u n i t s  on r egene ra t ion  of spent melts from d i r e c t  
hydrocracking of c o a l .  

Other  workers have a l s o  examined d i r e c t  hydrocracking of coal with molten metal  
h a l i d e  c a t a l y s t s .  A l a r g e  number of metal  h a l i d e  c a t a l y s t s ,  f o r  example, were exa- 
mined f o r  t he  d i r e c t  hydrocracking of bituminous coa l  ( I l l i n o i s  No. 6)  by Wald(4) and 
co-workers and by Riovsky.( ' )  However, l i t t l e  or no data  a r e  a v a i l a b l e  e i t h e r  on t h e  
d i r e c t  hydrocracking of lower rank c o a l s  w i th  ZnC1, c a t a l y s t  or on t h e  regenerat ion 
of spen t  melts from such an o p e r a t i o n .  A l a r g e  number of d i f f e r e n t  coa l s  ranging i n  
rank from l i g n i t e  t o  bituminous have more r e c e n t l y  been t e s t e d  in  unpublished work a t  
Consol Research. Almost a l l  c o a l s  t e s t e d  responded wel l  t o  t h e  Z i C :  hydmc:Ihcking 
t echn ique .  

The present  paper p r e s e n t s  ba t ch  autoclave d a t a  on t h e  d i r e c t  h y d r o c r a c ~ i n g  of a 
s i n g l e  subbituminous c o a l  only from t h e  Powder River basin of Southeastern hiontana. 
Comparative da t a  were a l s o  ob ta ined  with t h e  P i t t s b u r g h  Seam bituminous coa l  t h a t  was 
used i n  the previous work.('.' Data on t h e  r egene ra t ion  of s imulated spent  melts irom 
such an operat ion a r e  a l s o  g iven  i n  a cont inuous bench-scale,  f luidized-bed combustion 
u n i t .  

EnER I hIE NTAL 

A.  ZnC1, Hydrocracking - Batch Autoclave Work 

A l l  t e s t s  were made i n  a 316 s t a i n l e s s  s t e e l ,  300 m l  rocking autoclave.  The 
equipment, the product w o r h p ,  a n a l y t i c a l  and c a l c u l a t i o n a l  procedures employed a r e  
a l l  i d e n t i c a l  t o  t hose  p rev ious ly  desc r ibed . (  '1 
was used i n  each run by monitoring it with a pal ladium-si lver  a l l o y  probe wi th in  t h e  
au toc lave .  The s e n s i t i v i t y  of t h e  probe response was increased a s  compared with 
p r i o r  w o r k  by h e a t  t r e a t i n g  a t  llOOOF f o r  fou r  hours be fo re  use .  Subbituminous c o a l  
from t h e  C o l s t r i p  Mine i n  Sou theas t e rn  Montana was used i n  t h i s  work. I t s  a n a l y s i s  
i s  g i v e n  i n  Table I .  The r e s idence  t ime a t  temperature  was 60 minutes i n  a l l  t h e  
runs r epor t ed  h e r e .  

A constant  hydrogen p a r t i a l  p re s su re  
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! B.  Regeneration by Flu id  Bed Combustion 

i 
I 

1. PreDara t ion  of Feedstock 

1 During t h e  hydrocracking process ,  t h e  ZnC1, c a t a l y s t  becomes contaminated 
with Z n S ,  ZnCl,-NH, and ZnCl,.NH,Cl t h a t  a r e  formed by the  ZnC1, c a t a l y s t  p a r t i a l l y  
r e a c t i n g  with t h e  s u l f u r  and n i t rogen  l i b e r a t e d  from t h e  f eed  i n  t h e  hydrocracking 
s t ep :  I 

ZnC1, + H,S - ZnS + 2 HC1 

ZnC1, + xNH, - ZnCl,*xNH, 

ZnCl,yNH, + yHCl  + ZnCl,yNH,Cl 

The p ropor t ions  of ZnCl,xNH, and ZnCl,yNH,Cl depend on t he  r a t i o  of n i t rogen  and 
s u l f u r  i n  t h e  f eed .  In add i t ion  t o  t h e s e  inorganic  compounds, t h e  c a t a l y s t  l eav ing  
t h e  hydrocracker a l s o  conta ins  r e s i d u a l  carbon t h a t  cannot be d i s t i l l e d  out  of t h e  
m e l t .  In t h e  case  of d i r e c t  coa l  hydrocracking, t he  c a t a l y s t  a l s o  con ta ins  t h e  coa l  
a sh .  

I 

I 

The m e l t  used i n  t h i s  work was prepared  from t h e  r e s idue  of hydrogen-donor 
e x t r a c t i o n  of C o l s t r i p  coa l  with t e t r a l i n  so lven t  i n  such a way a s  t o  s imula te  the  
composition of an a c t u a l  spent  m e l t .  The e x t r a c t i o n  was conducted i n  t h e  continuous 
bench-scale u n i t  p rev ious ly  descr ibed( , )  a t  775OF and 50 minutes r e s idence  t i m e .  
r e s idue  used was t h e  so lven t - f r ee  underflow from continuous s e t t l i n g ( 6 )  of t h e  
e x t r a c t o r  e f f l u e n t .  The r e s idue  was then  precarbonized to 1250°F i n  a muffle furnace .  
The me l t s  were blended t o  s imula te  t h e  composition of a spent  m e l t  from t h e  d i r e c t  
hydrocracking of t h e  C o l s t r i p  c o a l  by b lending  toge the r  i n  a m e l t  p o t  ZnC12, ZnS, 
NH,C1, NH, and t h e  carbonized r e s i d u e  in appropr i a t e  p ropor t ions .  Analys is  of t he  
feed  melt used i n  t h i s  work is g iven  i n  Table 11. 

The 

2. EaUiDment and Procedure 

F igure  1 is  a diagram of t h e  continuous,  2-7/8" I D  f l u i d i z e d  bed combustion 
u n i t  t h a t  was used. The melt i s  f e d  v i a  syr inge  f eede r s  and is  dropped from a remote 
d r i p  t i p  i n t o  a ba tch  bed of f l u i d i z e d  s o l i d s  t h a t  i s  f l u i d i z e d  by feed  a i r  t h a t  
e n t e r s  a t  t h e  apex of t he  r e a c t o r  cone. The carbon, n i t rogen  and s u l f u r  a r e  burned 
ou t  i n  t h e  f l u i d i z e d  bed and t h e  ZnC1, is vapor ized .  The gas ,  ZnC1, vapor and e l u -  
t r i a t e d  s o l i d s  leav ing  the  r e a c t o r  pas s  through t h e  cyclone where t h e  s o l i d s  a r e  
c o l l e c t e d .  The cyclone underflow s o l i d s  de r ive  s o l e l y  from t he  m e l t  s i n c e  t h e  s i z i n g  
of t h e  bed s o l i d s  i s  such t h a t  t h e r e  is e s s e n t i a l l y  no e l u t r i a t i o n  of t h i s  m a t e r i a l .  
The s o l i d s  c o l l e c t e d  at  t h e  cyclone then  inc lude  coa l  ash ,  z i n c  oxide formed by 
hydro lys i s  of z inc  ch lo r ide ,  and any unburned carbon or z i n c  s u l f i d e .  The gas  then  
passes  t o  t h e  condenser where ZnC1, i s  condensed ou t ,  then  t o  t h e  e l e c t r o s t a t i c  
p r e c i p i t a t o r  t o  remove ZnC1, fog  and then  t o  sampling and metering. 

The a n a l y t i c a l  methods and c a l c u l a t i o n a l  procedures a r e  s u b s t a n t i a l l y  t h e  same 
as those  prev ious ly  described. 

RESULTS A? DISCUSSION 

Hydrocracking 

A s e r i e s  of experiments were c a r r i e d  out  a t  a r e l a t i v e l y  low tempera ture  and 
hydrogen p a r t i a l  p re s su re  of 358'C and 103 atms, r e spec t ive ly .  Comparison runs were 
c a r r i e d  out with t h e  P i t t s b u r g h  Seam c o a l  from t h e  I r e l and  Mine used i n  t h e  prev ious  
work. Se lec t ed  r e s u l t s  a r e  g iven  i n  Table 11. 
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The previous w o r k  w i t h  bituminous coa l  a t  t hese  mild cond i t ions  was c a r r i e d  
ou t  without  a hydrocarbon v e h i c l e .  These da t a  a r e  reproduced i n  t h e  last column 
of Tab le  11. 

Attempts t o  run  with t h e  subbituminous c o a l  a t  t h e  above mild cond i t ions  with- 
ou t  a vehicle  were not  success fu l  due t o  a formation of a high v i s c o s i t y  mix which 
made temperature c o n t r o l  ve ry  poor and y i e l d e d  e r r a t i c  r e s u l t s .  

Methylnaphthalene was t h e n  used a s  a vehicle ,  but  even i n  t h i s  ca se  very poor 
r e s u l t s  were ob ta ined ,  i . e . ,  conversion t o  MEK so lub le s  and d i s t i l l a t e  products  was 
very low. Resu l t s  of t h i s  run a r e  n o t  reported s i n c e  they  a r e  obscured by extensive 
c rack ing  of t h e  s o l v e n t .  

The use of t e t r a l i n  as  a hydrogen-donor so lven t ,  however, gave a very good 
conversion t o  MEK s o l u b l e  p roduc t s  a s  shown i n  Table 11. In t h i s  ca se ,  a l s o  some 
c rack ing  of t h e  s o l v e n t  occurred,  but t h e  hydrogen consumption and gaseous products  
a r e  c a l c u l a t e d  n e g l e c t i n g  any c o n t r i b u t i o n  made t o  these  q u a n t i t i e s  by hydrogena- 
t i o n  and cracking of t h e  t e t r a l i n .  - 

The a d d i t i o n  of a hydrogen-donor so lven t  t o  t h e  subbituminous c o a l  a t  these 
mild cond i t ions ,  appea r  t o  be r equ i r ed  t o  a s s i s t  i n  mel t ing of t h e  c o a l  t o  permit 
access  of t h e  molten h a l i d e  c a t a l y s t .  

The highly f l u i d  P i t t s b u r g h  Seam c o a l ,  on t h e  o t h e r  hand, does not  r e q u i r e  
a d d i t i o n  of a v e h i c l e  as t h e  da t a  of Table I 1  show. As a matter of f a c t ,  s u p e r i o r  
r e s u l t s  were ob ta ined  i n  the  absence of a veh ic l e  although t h e  d i f f e r e n c e  may be 
due t o  t h e  f a c t  t h a t  i n  one  case  a ciaaheri coa l  was used, i . e . ,  ttle poorer results 
wi th  t h e  veh ic l e  may r e f l e c t  some adverse e f f e c t  of t h e  mineral  ma t t e r  on t he  hydro- 
c rack ing  process .  Also, a somewhat lower ca t a lys t / coa l  f e e d  r a t i o  was used i n  t h e  
run without  a v e h i c l e .  

Operation a t  t h e s e  mi ld  cond i t ions  a r e  of i n t e r e s t  where t h e  o b j e c t i v e  is t o  
produce low-sulfur f u e l  o i l  i n  major amounts as a co-product with gaso l ine .  Pre-  
vious w o r k  has shown t h a t  65-80$ of t h e  MEK so lub le s  may be  recovered from t h e  
spen t  m e l t  by e x t r a c t i o n  w i t h  a f r a c t i o n  of t he  d i s t i l l a t e  o i l  product .  The da ta  
of Tab le  I\’, i n t e r e s t i n g l y  enough, show t h a t  t h e  h E K  s o l u b l e  o i l  con ta ins  l e s s  t h a n  
0 . 2  w t  $ s u l f u r  even  when t h e  high s u l f u r  P i t t sbu rgh  Seam c o a l  is used a s  feedstock.  

The t o t a l  l i q u i d  y i e l d ,  i . e . ,  C, through MEK so lub le  hydrocarbons a t  t hese  mild 
cond i t ions  is almost a s  h igh  with t h e  subbituminous coa l ,  i . e . ,  74.4 w t  $ of t h e  MAF 
coa l  a s  w i t h  t h e  bi tuminous coal ,  i . e . ,  75.5 and 76.7 w t  $ of t h e  MAF c o a l  with and 
without t h e  use  of a v e h i c l e ,  r e s p e c t i v e l y .  The hydrogen consumption, on t h e  o t h e r  
hand, is s i g n i f i c a n t l y  lower f o r  t h e  subbituminous case.  T h i s  i s  p r i m a r i l y  because 
of t h e  lower g a s  and d i s t i l l a t e  y i e l d s .  
s o l u b l e  o i l  is s i g n i f i c a n t l y  h ighe r  i n  t h e  case  of t h e  subbituminous c o a l .  

The y i e l d  of heavy f u e l  o i l ,  i . e . ,  MEK 

If t h e  t empera tu re  and p res su re  i s  increased,  t hen  a v e h i c l e  i s  no longer neces- 
s a r y  even i n  t h e  c a s e  of t h e  subbituminous c o a l .  A s e r i e s  of experiments were c a r r i e d  
ou t  without  a v e h i c l e  u s i n g  a hydrogen p a r t i a l  p re s su re  of 205 atm and a t  temperatures 
ranging from 370 t o  427°C. 
c o n s t a n t  a t  2.5/1 and 60 minutes ,  r e spec t ive ly ,  i n  t hese  runs.  

The ZnC12/MF f eed  r a t i o  and t h e  r e a c t i o n  t ime were held 

The above s e r i e s  of runs showed t h a t  t w o  optimum temperatures  e x i s t e d .  The f i r s t  
at about 385°C gave a maximum conversion t o  KCK so lub le  and l i g h t e r  products  of about 
95%. 
C, x 200°C d i s t i l l a t e  of abou t  60 w t  $ of t h e  MAF c o a l .  

The second at about 41OoC gave a maximum conversion t o  gaso l ine  expressed a s  
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More d e t a i l e d  r e s u l t s  of two runs ,  each near  t h e  above two optimum temperatures 
a r e  g iven  i n  Table 111. Comparison i s  a l s o  given with r e s u l t s  ob ta ined  with I re land  
Mine coa l  a t  the  lower of t h e  above two tempera tures .  

I t  i s  noted t h a t  t h e  convers ions  and hydrogen consumptions a r e  ve ry  near ly  the  
same for both c o a l s .  The y i e ld '  of hydrocarbon d i s t i l l a t e s  and p a r t i c u l a r l y  gaso l ine  
is about 20% higher  f o r  t h e  bituminous coa l  ca se .  The hydrogen consumption p e r  un i t  
o f  l i q u i d  d i s t i l l a t e  hydrocarbons produced i s  about 15% h ighe r  f o r  t h e  subbituminous 
coal ca se .  The above d i f f e rences  a r e  t o  be a n t i c i p a t e d  and a r e  a r e s u l t  of t he  
h igher  hydrogen and lower oxygen con ten t s  a s  noted i n  Table I of t h e  bitminous coa l .  

The s u l f u r  con ten t  of t h e  MEK so lub le  o i l  is aga in  as noted i n  Table I V  very 
low. 

I 

Regeneration v i a  F l u i d  Bed Combustion 

Table V g ives  t h e  condi t ions  of runs  presented  here  - e s s e n t i a l l y  atmospheric 
p re s su re ,  s u p e r f i c i a l  res idence  t ime of one second, excess  a i r ,  i .e . ,  115% of s t o i c h i -  
ometric,  s i l i c a  bed s o l i d s .  
o p e r a b i l i t y  problems such  as ash  agglomeration o r  d e f l u i d i z a t i o n  of t h e  bed were 
encountered a t  t h e s e  cond i t ions .  

Temperatures of 1800 and 1900°F were i n v e s t i g a t e d .  No 

Table V I  g ives  t h e  d i s t r i b u t i o n  of carbon, s u l f u r  and n i t rogen  i n  t h e  products 
f o r  runs  a t  1800 and 1900'F. One-hundred f i f t e e n  percent  of s t o i c h i o m e t r i c  a i r  was 
used i n  both  runs. The f eed  gas  was pure a i r .  I t  is apparent t h a t  t h e  carbon, 
n i t rogen  and s u l f u r  impur i t i e s  almost completely burned o u t ,  i .e.,  89$ or more burn- 
out was achieved. 
i n  t h e  f eed  m e l t  and 11% or l e s s  of t h e  n i t rogen .  

The e f f l u e n t  melt  con ta ins  l e s s  than  3% of t h e  carbon and s u l f u r  

Table V I 1  shows t h e  d i s t r i b u t i o n  of t o t a l  coa l  ash  a s  w e l l  as t h e  coa l  a sh  
components, s i l i c a  and alumina, i n  t h e  products i n  two runs a t  1800'F. I n  Run 3, 
t he  feed  gas  was 100s a i r  w h i l e  i n  Run 11, t h e  feed  gas  was 94.5% a i r  and 5.5% 
anhydrous H C 1 .  The HC1 was added t o  prevent hydro lys i s  of t h e  ZnC1,. This w i l l  be 
d iscussed  f u r t h e r  l a t e r .  Eighty-nine percent  o r  more of t h e  t o t a l  coa l  ash and 
s i l i c a  and alumina were removed from t h e  melt i n  t he  r egene ra t ion  p rocess .  The 
ashes  were e i t h e r  t r apped  i n  the  bed or c o l l e c t e d  a t  t he  cyc lone .  

TableVII I  shows t h e  d i s t r i b u t i o n  of t h e  ash  components, i r o n ,  calcium, and 
magnesium i n  t h e  products  of t h e  same two runs as  i n  Table V I I .  Again, i t  is 
apparent t h a t  t h e  l a r g e  major i ty  of t h e s e  ash components w e r e  removed from t h e  melt 
and t h a t  they  were e i t h e r  t rapped  i n  t h e  combustor bed s o l i d s  o r  c o l l e c t e d  a t  t h e  
cyclone. 

The d i s t r i b u t i o n  of sodium and potassium is  not g iven  i n  t h e  t a b l e s .  Essent i -  
a l l y  a l l  of t h e  sodium and potassium i n  the  feed  appears i n  t h e  e f f l u e n t  melt .  This 
is  l i k e l y  due t o  t h e  potassium and sodium being converted i n t o  t h e  ch lo r ides  which 
a r e  s u f f i c i e n t l y  v o l a t i l e  t o  be vaporized along with t h e  ZnC1,. This  ch lo r ine  i s  
considered t o  be i r r ecove rab le .  Hence, t h i s  method of r egene ra t ion  is c h i e f l y  use fu l  
with c o a l s  t h a t  have r e l a t i v e l y  low a l k a l i  concen t r a t ions .  

Table I X  shows t h e  d i s t r i b u t i o n  of z inc  and ch lo r ine  among t h e  products  i n  Runs 
3 and 11. The f eed  gas  i n  Run 3 was pure a i r .  
z i n c  was found i n  t h e  bed s o l i d s  and cyclone s o l i d s  as ZnO whi le  90% is i n  t h e  melt 
as ZnCl,. The l a r g e  amount of ZnO is formed by hydro lys i s  of ZnC1, i n  t h e  combustor, 

I n  t h i s  qun, about 10% of t h e  feed 

ZnC1, + H,O = ZnO + 2 H C 1 .  
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Because of t he  hydro lys i s ,  a l a r g e  amount of t h e  c h l o r i n e  i n  the feed melt  i s  found 
i n  t h e  gas  a s  HC1.  For t h e  p r o c e s s  t o  be economically f e a s i b l e ,  ZnC1, would have 
t o  b e  reformed from t h e  ZnO and H C l  p roduc t s .  

To preclude such a s t e p ,  t h e  HC1 can be recycled with t h e  feed a i r  t o  prevent  
h y d r o l y s i s .  
anhydrous H C 1 .  The c h l o r i n e  i n  t h e  f eed  HC1 amounted t o  14.8% of t h e  ch lo r ine  i n  
t h e  ZnC1, feed.  It is appa ren t  t h a t  hydro lys i s  was almost cqnp le t e ly  suppressed 
and t h a t  the Zn i n  t h e  f eed  m e l t  was almost t o t a l l y  converted t o  and recovered a s  
ZnC1,. 

Run 11 was made to  t e s t  t h i s  concept where t h e  feed gas  contained 5.5% 

Before s t a r t i n g  t h i s  work, i t  was f ea red  t h a t  cons ide rab le  ch lo r ine  would be 
lost a s  CaC1, by i n t e r a c t i o n  of t h e  calcium i n  the  coal a sh  with t h e  ZnCl,, bu t  i t  
appea r s  t h a t  e s s e n t i a l l y  no c h l o r i n e  is l o s t  i n  t h i s  manner. I t  w i l l  be noted i n  
both Runs 3 and 11, t h a t  t h e  bed s o l i d s  con ta in  s u b s t a n t i a l l y  no ch lo r ine  whereas 
t h e y  contained a l a r g e  pe rcen tage  of t h e  calcium t h a t  was f e d .  S ince  CaC1, i s  
molten but  nonvo la t i l e  a t  combustion temperature ,  it would be expected t h a t  any 
calcium ch lo r ide  would be r e t a i n e d  i n  t h e  bed s o l i d s .  Since none was, i t  is con- 
c luded t h a t  no calcium c h l o r i d e  was formed. ( I t  a l s o  appears  t h a t  no magnesium 
c h l o r i d e  was formed . ) 

Table X shows some p e r t i n e n t  r e a c t i o n s  i n  t h e  r egene ra t ion  system. We de te r -  
mined t h e  equ i l ib r ium c o n s t a n t  f o r  r e a c t i o n  (3) and obtained PZnClz of 57 torr 
whereas PznClz i n  the combustor was about 120 torr .  Hence, it might be expected 
t h a t  some CaC1, would be formed. I t  is be l i eved  t h a t  t he  reason we d i d n ' t  g e t  CaC1, 
is because of r e a c t i o n s  such a s  (4) and ( 5 )  whose e q u i l i b r i a  a r e  probably f a r  t o  t h e  
r i g h t .  
impure o r e s  by r e a c t i o n  ( 4 )  c a r r i e d  out  a t  about 1650°F. 

Kuxmann and O d e d 7 )  have r epor t ed  recovering z i n c  a s  pure ZnC1, vapor from 

I t  appears t h a t  some FeC1, is formed bu t  no t  i n  t h e  amount t h a t  would be 
expec ted  i f  equ i l ib r ium had been e s t a b l i s h e d  i n  r e a c t i o n  (2). 
t o  (4) and ( 5 )  with FeC1, s u b s t i t u t e d  f o r  CaC1 ,  may be t h e  reason for t h i s .  
case,  t h e  equ i l ib r ium cons tan t  i n d i c a t e s  that t h e  amount of FeC1, t h a t  can be formed 
is  l i m i t e d  t o  1 mol p e r  9 m o l s  of ZnC1,. W e  have unpublished data  t h a t  i n d i c a t e s  
t h a t  FeC1, does not a f f e c t  c a t a l y s t  a c t i v i t y .  

Reactions analagous 
In any 

We bel ieve,  based on t h e  r e s u l t s  j u s t  p re sen ted  a s  w e l l  as o t h e r  r e s u l t s ,  t h a t  
f l u i d  bed combustion p rov ides  a workable p rocess  f o r  r egene ra t ing  ZnC1, from d i r e c t  
hydrogenation of western subbituminous c o a l s .  Other work no t  presented he re  indi-  
cates t h a t  t h e  p rocess  can a l s o  be success fu l ly  app l i ed  t o  m e l t s  from d i r e c t  hydro- 
g e n a t i o n  of e a s t e r n  bituminous c o a l s  a l s o .  The process  i s ,  however, r e s t r i c t e d  t o  
c o a l s  having r e l a t i v e l y  l o w  sodium and potassium con ten t s  so t h a t  economically 
p r o h i b i t i v e  amounts of c h l o r i n e  a r e  not los t  t o  these  a l k a l i  metals .  L ign i t e s  a r e  
t h e  major type of c o a l  t h a t  would be ru l ed  out by t h e  above r e s t r i c t i o n .  
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TABLE I 

Analysis of Feedstocks 

. .  

A. Proximate & Ult imate  

. c o a l s  L 

Cleaned 
Colstrie I r e l and  Mine I r e l and  Mine 

W t  '$ hIF Basis 
V o l a t i l e  h a t t e r  37.3 43.4 
Non Oxidized Ash 9.7 6.4 

Organic (Hydrogen) 
Carbon 
Organic (Ni t rogen)  
Oxygen (by Diff ) 
Organic S u l f u r  
P y r i t i c  S u l f u r  
S u l f a t e  S u l f u r  
ZnC1, 
ZnS 
N H 4 C 1  
wi 

4.4 
68.0 
1.1 
16.1 
0.5 
0.2 
0.04 -- 
-- 

5.3 
76.5 
1.6 
8.3 
1.9 
0.9 
0.0 -- -- 

42.5 
9.1 

5.3 
74.5 
1.1 
7.7 
2.3 
1.7 
0.08 -_ 
-- 
-- 

B. Ash Composition (Oxid ized  & SO, F ree  Basis) -- -- -- p20, 
Si02 43.9 41.0 43.5 
A 1 2 0 3  26.0 20.4 24.6 
Na,O 0.25 0.6 0.5 
K2O 0.15 1.5 1.6 
CaO 17.3 2.8 1.7 
Mgo 6.7 0.7 0.7 
Fe20, 4.7 29.6 22.8 
T10z 1.0 1.1 1.0 

Regenerat i o n  
Feedstock 

"spent" 
Melt 

-- 
1.78 

0.11 
5.03 
0.09 
0.24 
0.04 -- 
-- 

85.34 
2.92 
3.20 
1.25 

0.15 
42.2 
25.3 
0.47 
0.21 
18.7 
7.1 
4. 6 
1.4 

if 
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TABLE I1 

Hvdrocrackiw at  "Mild" Conditions 

A. Constant Condi t ions  for A l l  Runs 

Temperature 358OC 
Time a t  Temperature 60 minutes 
T o t a l  Time Above 315OC 
Hz P a r t i a l  P re s su re  During 

70  minutes (approx .  ) 

Hydrocracking 
Coal P a r t i c l e  Size 

B. Var iab le  Condi t ions  and Yie lds  

Coal 

G m s  'Feed/m MF Coal 
ZnC1, 
Solvent 
Solvent Used 

Yie lds .  W t  % MAF Coal 
(C,-C,) Hydrocarbons 
(CO + CO,) Gas 

C, x 400OC D i s t i l l a t e  
(H,O) 

+40O0C MEK Soluble  
+4OO0C MEK Inso lub le  

N,O,S + H to C a t a l y s t  
T o t a l  

H, Consumed, W t  $ MAF Coal 

W t .  % Conversion MAF Coal 
To - 400OC Products  
To - 400OC + MEK Solubles  

103 atm. abs .  
-100 mesh 

Cols t r i D  

2.5 
0 .5  

Te t r a l  i n  

1 .7  
5.5 

12 .3  
27.5 
46.9 
10.5 

1 . 5  
105.9 

5.9 

42.6 
89.5 

I r e l a n d  Mine 

2 .5  
0.5 

T e t r a l i n  

5.1 
0.8 
7 .2  

43.8 
31.3 

' 16 .5  
2.8  

107.5  

7.5 

52.2 
83.5 

Cleaned 
I r e l and  Mine 

2 .0  
0.0 

None 

5 .2  
0.1 
8.7 

56.4 
20.3 
12.8 
3.0 

106.5 

6 .5  

66.9 
87.2 

\ 
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TABLE I11 

Hvdrocrackine a t  "Severe" Conditions 

A .  Constant Conditions for A l l  Runs 

Time a t  Temperature 
T o t a l  Time Above 3 1 5 O C  
ZnCl,/MF Coal Feed Ratio 
H, P a r t i a l  P re s su re  
Coal P a r t i c l e  S ize  

60 minutes 
70 minutes 

2 .5  
205 atm. abs .  

-100 mesh 

B. Y i e l d s  and Conversions.  W t .  $ MAF Coal 

Coal C o l s t r i p  

Temperature, "C 385 

Colst r i p  

413 

I r e l and  Mine 

38 5 

a 4  

'ZH6 3- 
C, x 2Oo'C D i s t i l l a t e  
200 x 400OC D i s t i l l a t e  

+40O0C MEK Solub le  
+40O0C MEK Inso lub le  

co + co, + H,O 
N,O,S  t H t o  C a t a l y s t  

Tot a1 

H, Cor~sumed, W?. M.4F Coal 

W t  . $ Conversion MAF Coal 
To - 40OoC Products 
To - 400OC t h E K  So lub le s  

0 .6  
4 . 8  

55.6 
3.1 

17.1 
5.2 

19 .9  
2.4 

108.7 

1 . 3  
8 .6  

59.0 
1 . 2  
9 .2  
8 .7  

1 9 . 3  
2.2 

109.5 

8.7 9.5 

77.7 82.1 
94.8 91.3 

T o t a l  - 400'C Hydrocarbons 64 .1  70.1 

T o t a l  - 400°C Hvdrocarbons 
H ,  Consumed 

7.4 7.4 

TABLE I V  

Sulfur Content of +4OO0C MEK Soluble O i l  

Coal 

Temperiture, O C  

H, P a r t i a l  P re s su re ,  atm 

Cols t r iD I re land  hIine 

358 385 358 385 
103 205 103 205 

$ S u l f d r  i n  MEK Solubles  0.17 0 . 0 4  0.17 0.18 

0 . 4  
8 . 3  

66.4 
2.2 

13.9 
6 .O 
8.6 
3 . 3  

109 .1  

9 .1  

80 .1  
94 .O 

77 .3  

8 . 5  
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TABLE VI1 

DlSTRlSUTlON OF TOTAL COAL ASH, S i  AI  
AMONG THE PRODUCTS 

RUN NUMBER 3 I I  

T E M P ,  O F  

FEED GAS COMP., MOL %.  
AI R 
ANHYDROUS HCI 

DIST. O F  TOTAL A S H .  Yo 
BED SOLIDS ( t  LOSS) 
CYCLONE SOLIDS 
MELT 

DIST. OF S i  YO 
BED SOLIDS (+ LOSS) 
CYCLONE SOLIDS 
MELT 

DIST. O F  AI ,  Yo 

BED SOLIDS (+LOSS) 
CYCLONE SOLIDS 
MELT 

I800 

I O 0  
- 

19 
70 
I 1  

29 
67 
4 

”> 
6 

1800 

94.5 
5 . 5  

34 
59 
7 

28 
68 
. 4  

31 
64 

5 
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TABLE VI11 

DISTRIBUTION OF Fe Ca Mg 
e AMONG THE PRODUCTS 

RUN NUMBER 3 I f  

TEMP "F 

FEED GAS COMf? . MOL Yo 
AIR 
ANHYDROUS HCI 

DIST. OF F e .  YO 
BED SOLIDS ( t  LOSS) 
CYCLONE SOLIDS 
MELT 

DIST. OF C a .  TO 
BED SOLIDS ( t  LOSS) 
CYCLONE SOLIDS 
M ELT 

DIST. OF Mg, Yo 
BED SOLIDS ( t  LOSS) 
CYCLONE SOLIDS 
MELT 

I800 

I O 0  - 

731 
27 

29 
48 
23 

44 
43 
13 

1800 

94.5 
5.5 

0 
61 
39 

53 
42 
5 

57 
41 
2 
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TABLE IX 

DISTRIBUTION OF ZINC AND CHLORINE . 

IN THE PRODUCTS 

RUN NUMBER 3 l l  

TEMP. "F I800 I800 

FEED GAS COMf?,MOL% 

AIR IO0 94.5 
ANHYDROUS HCI - 5.5 

CI DIST., Yo OF CI IN FEED MELT 

8ED SOLIDS '02 ,o I 
CYCLONE SOLIDS .44 .30 
GAS 9.10 14.50 
MELT ( t  LOSS)  90.40 100.00 

TOTAL 100.00 114.80 

Zn DIST.. % OF Zn IN  FEEDMELT 

. BED SOLIDS 
CYCLONE SOLIDS 
M E L T  ( + L O S S )  

5.5 .4 0 
4.4 .74 
90. I 98.98 
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